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PREFACE

This professional paper is a supplementary volume to “Paleotectonic Maps of the Permian
System” by McKee, Oriel, and others (1967), published by the U.S. Geological Survey as
Miscellaneous Geologic Investigations Map I-450. The I-450 publication consists of 20
plates—isopach and lithofacies maps, cross sections to accompany the maps, and interpretive
and environmental maps—and a summary of available geological information on each part
of the Permian Period, an interpretation or reconstruction of Permian history, and brief
discussions of environment, tectonics, and other significant features. The present volume
explains and documents the maps and conclusions presented there. This study of the Permian
System was made by 15 geologists, who were individually responsible for coverage of 18
regions. These authors are:

Henry L. Berryhill, Jr. Walter E. Hallgarth Vincent, E. McKelvey
Thomas M. Cheney Keith B. Ketner Melville R. Mudge
Earl R. Cressman Marjorie E. MacLachlan Donald A. Myers
Eleanor J. Crosby Edwin K. Maughan Steven S. Oriel
George H. Dixon Edwin D. McKee Richard P. Sheldon

The Permian System of the 18 regions is described in 11 chapters. Each chapter presents
an analysis of the basic data used, points out significant trends, and presents an interpretation,
as well as alternative explanations where each occur, for the region concerned. The chapters
and accompanying illustrations were coordinated and assembled by E. J. Crosby, E. D. McKee,
W.W. Mallory, E. K. Maughan, and S. S. Oriel.

Descriptive and documentary data are organized according to region, from east to west,
and according to chronological sequence. Each chapter discusses, in order, rocks that underlie
the Permian, the several intervals or divisions of the Permian (from oldest to youngest (table
1, in pocket)), and, finally, the rock units that directly overlie the Permian. Stratigraphic
problems, the nature of contacts, trends in thickness and lithology, possible sources of
sediment, environments of deposition, and paleotectonic implications of each interval are
treated in that order.

It is necessary to divide the Permian System to prepare meaningful lithofacies-thickness
maps. The system includes thick sequences of rocks of diverse origins, resulting from multiple
geologic ‘events, so a lithofacies map for the entire system would be largely unintelligible.

In this paper, as in I-450, the primary division of the Permian System is threefold:
intervals A, B, and C-D, in ascending order (table 1, in pocket). An interval is composed of
assemblages of members, formations, and groups that lie mainly between recognizable
lithologic contacts which may not and commonly do not coincide with isochronous surfaces.
Use of the informal term “interval” and the means for recognizing interval boundaries were
discussed by McKee and others (1959, p. 5). The intervals can be recognized nearly every-
where that they occur in the United States, so that comparison of genetically related events
can be made between areas.

The third major division of the Permian System has been given a two-letter designation
because of unsolved problems regarding precise age assignments of uppermost Permian units.
Strata above those assigned to interval B cannot be subdivided consistently in much of the
western interior. In west Texas and southeastern New Mexico, however, such strata are
commonly separated into two units, the Guadalupe and Ochoa Series, here designated as
intervals C and D, respectively. A principal unanswered question is whether rocks in interval
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C-D in other parts of the country are correlative with rocks in interval C or in both intervals
C and D in west Texas.

Assignment of rocks to the Permian intervals adopted here is based largely on relations
shown in the Permian correlation chart of the Committee on Stratigraphy of the National
Research Council (Dunbar and others, 1960). The authors are particularly grateful to the
Permian Subcommittee and to Carl O. Dunbar, chairman, for providing a manuscript copy
of this chart and the accompanying text prior to publication.

Some interval assignments in this paper suggest age relations different from those
indicated on the correlation chart. Most such differences stem from problems in Permian
correlation that are discussed by Dunbar and others (1960, p. 1773-1778). These involve both
nonfossiliferous rocks whose stratigraphic-positions and relations are not known precisely and
fossiliferous rocks whose faunal zones cannot be related directly to the standard assemblage
zones most commonly used in Permian correlations. These and related problems, as well as
resulting divergent interpretations, are reviewed in the discussions on each interval.

A general correlation of Permian rock-stratigraphic units in the United States exclusive
of Alaska and Hawaii is given in table 1 (in pocket). Relative stratigraphic positions are
shown within columns, each of which is made for a large area. Rock units in this chart are
arranged in horizontal rows corresponding to the Permian intervals. Few details of correla-
tion are attempted in this chart; overlap, facies change, and intertonguing stratigraphic
relations are barely suggested, and the time span represented by each formation is shown
only in a general way. Attempts to depict such relations more precisely are made in a
correlation chart prepared by Dunbar and others (1960).

In table 1 and throughout this paper, stratigraphic names that have not been adopted
by the U.S. Geological Survey and those for which there has been no occasion for official
action are shown in italics. Drillers’ terms and names of rock units that are defined by
economic significance are italicized also.

Stratigraphic names adopted by the Geological Survey are not italicized, but where such
names are applied locally to rock units that are either definitely not or probably not the same
as those of the type area, the names are enclosed in quotation marks.

The authors are indebted to many individuals and organizations for basic data and ideas.
Especially noteworthy contributions have been made by those listed below (affiliations as of
December 1960) : W. L. Adkison, E. H. Baltz, W. M. Cady, L. V. Davis, C. L. Jones, W. R.
Keefer, P. B. King, J. D. Love, C. B. Read, C. A. Sandberg, and J. M. Schopf of the U.S.
Geological Survey; H. G. Hershey, Iowa Geological Survey; E. D. Goebel and D. F. Merriam,
Kansas Geological Survey, and J. D. McNeal, Kansas Highway Department; R. A. Bieberman
and R. W. Foster, New Mexico Bureau of Mines and Mineral Resources; W. M. Laird, North
Dakota Geological Survey; R. J. Bernhagen, R. A. Brant, and G. H. Denton, Ohio Geological
Survey; R. L. Fay, W. E. Ham, and Louise Jordan, Oklahoma Geological Survey; Carlyle
Gray and W. R. Wagner, Pennsylvania Geological Survey; A. F. Agnew, South Dakota
Geological Survey, and J. P. Gries, South Dakota School of Mines; P. T. Flawn, Texas
Bureau of Economic Geology; P. H. Price, Thomas Arkle, Jr., and W. R. McCord, West
Virginia Geological Survey; H. D. Thomas, Wyoming Geological Survey ; J. W. Harshbarger,
University of Arizona; John Chronic and W. Q. Thompson, University of Colorado; C. C.
Branson, University of Oklahoma; R. K. DeFord, University of Texas; D. W. Boyd,
University of Wyoming; C. O. Dunbar, Yale University; Well Sample Laboratory, Museum
of Northern Arizona; J. R. Clair; H. N. Frenzel; E. W. Owen; John Green and J. G.
Mitchell, American Stratigraphic Co.; A. E. Dufford, H. L. Ellinwood, and C. J. McGinnis,
The California Co.; W. R. Atkinson and H. R. Wingerter, Colorado Oil & Gas Corp.; J. W.
Strickland, Continental Oil Co.; M. S. Houston, Eldorado Refining Co.; Don Gilkison and
R. C. Norman, Gulf Oil Corp.; J. B. Coughman, R. D. Holt, T. A. McCarty, R. I. Roth, J. W.
Skinner, and G. L. Wilde, Humble Oil & Refining Co.; J. D. Davis, Kansas Sample Log
Service; D. W. Franklin, Ohio Oil Co.; Lloyd Pray, Ohio QOil Research Center; R. V.
Hollingsworth and H. L. Williams, Paleontological Laboratory, Inc.; N. T. Brasher, E. D.
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Clements, J. J. Gill, R. C. Linden, and G. J. Verville, Pan American Petroleum Corp.; R. G.
Clausing and J. K. Curry, Panhandle Eastern Pipe Line Co.; E. R. Hill, P. H. Kolm, and
W. W. West, Permian Basin Sample Laboratory; O. E. Childs, W. W. Mallory, and Addison
Young, Phillips Petroleum Co.; J. C. Maher, Pure Oil Co.; M. L. Peterson and D. L. Baars,
Shell Oil Co.; A. L. Bowsher, Sinclair Oil & Gas Co.; W. F. Bailey, Skelly Oil Co.; J. E.
Adams and William McBee, Jr., Standard Oil Co. of Texas; R. B. Totten, Sun Oil Co.; B. J.
Cunningham and I. D. Taylor, Texas Panhandle Sample Log Service.
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PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

ALLEGHENY REGION

By Hexry L. BerrvHILL, JR.

ABSTRACT

Two places in the Allegheny region contain rocks of Per-
mian age: a synclinal area of elliptical outline in eastern
Ohio, southwestern Pennsylvania, and northwestern West Vir-
ginia known as the Dunkard basin; and a very small area
in the George’s Creek basin of western Allegany County, Md.

In the Allegheny region, rocks of Early Permian age cannot
easily be separated from rocks of Late Pennsylvanian age
because of lithologic and paleontologic gradation. In this
paper the gradational zone, considered to be Late Pennsyl-
vanian and Early Permian in age, is included with the
Permian. The nomenclature and age assignments used for
the Upper Pennsylvanian and Lower Permian rocks of the
Allegheny region are those that were employed prior to 1962.

Rocks of latest Pennsylvanian and Early Permian age make
up the Dunkard Group, which has been divided into the
Washington Formation of Late Pennsylvanian and Permian
age and the Greene Formation of Early Permian age.

Rocks of the Dunkard Group are similar to those of the
underlying Pennsylvanian Monongahela Formation, a cyclically
bedded sequence of impure sandstone, siltstone, impure lime-
stone, and small amounts of mudstone and coal. In the
Dunkard Group they are largely detrital. Mudstone is more
abundant than sandstone, in general, but the proportion of
sandstone increases from northeast to southwest. The mar-
ginal pattern on the lithofacies map shows protuberances of
coarse detrital rock oriented toward the axis of the Dunkard
basin. Marly limestone beds and coal beds are thickest and
most abundant at the northeast end of the basin. Red mud-
stone is abundant in the southern half and is absent in the
northernmost part.

The Upper Pennsylvanian and Permian rocks are continental
deposits believed to have accumulated in closely associated
lacustrine, swamp, fluvial, and delta-plain environments.
Younger rocks, other than Quaternary alluvium, are absent
throughout the area.

REGION DEFINED

Allegheny region, as used in this paper, includes all
the Allegheny Plateau and also the southern part of
the Allegheny Mountain section in the Appalachian
Plateaus province (Fenneman, 1938, p. 279-304). In
this region, rocks of Early Permian age cannot easily
be separated from rocks of Late Pennsylvanian age
because of lithologic and paleontologic gradation
(further discussion in I-450). The gradational zone

is here included with the Permian. The nomenclature
and age assignments for the Upper Pennsylvanian and
Lower Permian rocks of the Allegheny region are
those in usage prior to 1962.

Two areas in the Allegheny region contain rocks of
Late Pennsylvanian and Permian age. The largest is
a synclinal area of elliptical shape in eastern Ohio,
southwestern Pennsylvania, and northwestern West
Virginia in the Allegheny Plateau, known as the Dun-
kard basin (pl. 14). A second and smaller area is in
the Georges Creek basin of western Allegany County,
Md., in the Allegheny Mountains (fig. 1); it contains
three very small exposures of uppermost Pennsyl-
vanian and lowest Permian rocks.

Permian rocks of the Allegheny region form the
Dunkard Group, a sequence of continental deposits
that accumulated in closely related lacustrine, swamp,
and fluvial-delta-plain environments. Younger rocks,

100 MILES
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Ficure 1.—Counties in Maryland, Pennsylvania, Ohio, and
West Virginia referred to in text.
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2 PALEOTECTONIC INVESTIGATIONS OF THE

other than Quaternary alluvium, if ever present, have
been removed by erosion.

PALEOGEOLOGY N
UNITS UNDERLYING PERMIAN

In the Dunkard basin and in western Maryland,
rocks of the Washington Formation, considered transi-
tional in age between latest Pennsylvanian and Per-
mian, conformably overlie the Monongahela Forma-
tion of Late Pennsylvanian (Virgil) age. The Mo-
nongahela Formation is a cyclically bedded sequence
of impure sandstone, siltstone, and impure limestone,
and small amounts of mudstone, claystone, and coal.
Its uppermost unit throughout a large part of the
Dunkard basin is the Waynesburg coal bed. This bed
averages 14 feet in thickness in the northern half of
the basin but thins to less than 1 foot toward the
southwest. The Waynesburg coal is absent in much of
the southern quarter of the Dunkard basin, where the
Washington Formation rests conformably, in places,
on a thin clay bed and, elsewhere, on the Gilboy Sand-
stone Member of the Monongahela Formation.

In western Maryland the top of the Monongahela
Formation is considered to be a thin coal bed that has
been correlated with the Waynesburg coal of the
Dunkard basin (Berryhill and de Witt, 1955).

LOWER BOUNDARY OF PERMIAN

The top of the Waynesburg coal bed marks the lower
boundary of transitional Pennsylvanian and Permian
rock in the Dunkard basin and in Allegany County,
Md., and is arbitrarily used as the base of the system.
Little stratigraphic significance can be attributed to
this boundary, however, because rock sequences both
above and below contain similar cyclic beds. Field
recognition of the boundary is not difficult over most
of the northern part of the Dunkard basin, where the
Waynesburg coal is prominent, but in other parts,
where the coal is either thin or absent, the boundary
is not readily apparent.

Originally, a Monongahela Series and an Upper
Barren Group, the present Dunkard Group, were de-
scribed by Rogers (1858, p. 14-20), who put the
boundary between these units 40-50 feet higher than
the present one at the base of the Waynesburg Sand-
stone Member of the Washington. These units were
differentiated on the basis of gross lithologic character,
such as a general lack of minable coals in the higher
strata, and not on age difference. The boundary was
later lowered to its present position on paleobotanical
evidence (Fontaine and White, 1880). Fossil plants
in the Cassville Shale Member, just above the Waynes-
burg coal in West Virginia, were considered by Fon-

PERMIAN SYSTEM IN THE UNITED STATES

taine and White to have Permian affinities; however,
the systemic boundary has been the subject of con-
troversy for many years. Some paleobotanists have
questioned the original floral interpretations and have
suggested raising the boundary.

PALEOTECTONIC IMPLICATIONS
Permian and Pennsylvanian Systems in the Dunkard
basin and in western Maryland are conformable and
gradational. Deposition was continuous from one
period to the next, which indicates a relatively con-
stant sinking of the negative area.

INTERVAL A
FORMATIONS INCLUDED

Rocks of latest Pennsylvanian and Early Permian
age in the Allegheny region are assigned to interval A.
In the Dunkard basin and in western Maryland these
rocks make up the Dunkard Group, which has been
divided into the Washington Formation of Late Penn-
sylvanian and Permian age and the Greene Forma-
tion of Early Permian age.

STRATIGRAPHIC RELATIONS

The Upper Barren Series, now called the Dunkard
Group, was first divided (Stevenson, 1876, p. 34-56)
into the Washington County and Greene County
Groups, with the boundary between them at the top
of the Upper Washington Limestone. Subsequently,
these group names were abandoned and they became
the Washington and Greene Formations, respectively,
which have been further subdivided into a total of 48
members and beds. The large number of members
recognized is a reflection of the cyclic pattern of
deposition.

The Washington County Group was separated from
the overlying Greene County Group by Stevenson be-
cause of a greater abundance of limestone in the lower
part of the section as exposed in Washington County,
Pa. These limestone beds are progressively thinner
southward, however, and are absent over most of the
southern part of the Dunkard basin, so that a regional
twofold differentiation is made difficult on this basis.

Lateral variations in lithology within the Dunkard
Group are more pronounced than gross vertical dif-
ferences. As a result of facies changes, individual
components of the sedimentary cycles intertongue.
Coal beds are the most extensive and also the most
diagnostic key units. Certain limestone units have
diagnostic features within limited areas; but through-
out the basin, lithologic types recur vertically so many
times that stratigraphic position is difficult to ascertain
except where diagnostic coal beds are present. In
areas where the coals are either very thin or absent, a

sequence consisting of a combination of two or more
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sedimentary cycles must be traced carefully if reliable
correlations are to be made.

Rocks of the Greene Formation are believed to be
equivalent to Permian rocks of early to middle Wolf-
camp age in the central and southwestern parts of the
United States (Dunbar and others, 1960). Rocks of
the Washington Formation are probably of late Virgil
to early Wolfcamp age.

UPPER BOUNDARY OF INTERVAL A

The top of the Greene Formation is a surface of
Recent erosion, so the stratigraphic record of rocks
younger than the Greene Formation has been destroyed.

THICKNESS TRENDS

Rocks of the Dunkard Group are remmnants of a
once thicker and more extensive sequence preserved in
shallow synclines. Thickness trends for this group
can be inferred only by comparison with the thickness
trends of components or units within it which have not
been appreciably eroded.

Because the top of the Washington Formation is
preserved across much of the Dunkard basin, rocks of
this formation were used in inferring thickness trends
for the entire Dunkard Group. The thickness of the
Washington Formation increases eastward from
slightly less than 250 feet along the west side of the
Dunkard basin to more than 400 feet locally near the
northeast side, in Greene County, Pa., and in Monon-
galia and Marion Counties, W. Va. (pl. 1£). The
rate of increase averages about 314 feet per mile, but
it is not uniform because of local variations across
shallow northeast-trending flexures that parallel the
main axis of the basin.

Trends within the Washington Formation suggest
that the unit was thickest east of the present area of
the Dunkard Group. To corroborate the pattern sug-
gested by the thickness of the Washington Formation,
an isopach map has been prepared (pl. 17) which
shows the thickness of the lower part of the formation
between the top of the Waynesburg coal bed and the
base of the Washington coal bed. This interval was
selected because of the correlative value of the coal
beds at its base and top, as the Washington coal bed
is a far more extensive marker than the limestone at
the top of the Washington Formation.

Eastward thickening of the lower part of the forma-
tion confirms the trend for the entire formation except
in one area. Rocks of this unit, like those of the
formation as a whole, thicken progressively toward the
east-central margin of the Dunkard basin in Dod-
dridge and Ritchie Counties, W. Va., but from there
they thin toward the southeast (pl. 1D). Thus, the
trend of the lower part suggests that the thickest ac-
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cumulation of sediment was within the present Dun-
kard basin. Sediments as originally deposited prob-
ably thinned gradually southeastward from the eastern
part of the present Dunkard basin, and loci of thick-
ening may have been in shallow northeast-trending
structural depressions and in alluvial fans that lay
east of the present area of Dunkard rocks.

LITHOFACIES TRENDS

Rocks of the Dunkard basin are largely detrital and,
in general, mudstone is more abundant than sandstone.
The ratio of sandstone to mudstone increases from
northeast to southwest, ranging from an average of
1:3 to an average of 1:1. Grain size increases un-
evenly from northeast to southwest (pl. 14). This
unevenness is caused by the presence of coarse-grained
detrital rocks along the west and southeast margins
of the Dunkard basin. The marginal pattern on the
lithofacies map is that of protuberances of coarse detri-
tal rock oriented toward the axis of the Dunkard basin.
A north-trending belt of coarse-grained rock traverses
the central part of the basin (pl. 14). Northeastward
from this belt is a lobate area, also of coarse-grained
rock, that parallels the axis of the basin. Presumably,
when the relatively coarse sediments reached the low-
est part of the elongate basin, they tended to spread
laterally along the northeast-trending axis.

Detrital rock composed of coarse-grained, and in
part pebbly, sandstone occurs mainly in the south-
western part of the Dunkard basin in the Waynesburg
and M annington Sandstone Members of the Washing-
ton that lie between the Waynesburg and Washington
coal beds. Northwest-trending Y-shaped belts con-
taining coarse pebbly sandstone (pl. 17) include most
of the coarse-grained to pebbly sandstone in the lower
part of the Washington Formation, as well as the
coalesced sandstones that locally form a continuous
unit between the Waynesburg and Washington coal
beds. Lenses of pebbly sandstone above the Washing-
ton coal bed are more sporadic than the pebbly sand-
stone beds of the Waynesburg and Mannington Mem-
bers in the southern Dunkard basin.

Marly limestone beds are locally abundant at the
northeast end of the Dunkard basin. They are inter-
bedded with calcareous mudstone and with fine-grained
sandstone.

Coal beds are thickest and most numerous in the
northern part of the Dunkard basin in a border zone
between the relatively coarse grained rock to the
southwest and the finer grained, calcareous rock to the
northeast (pl. 1C).

The mudstone in the southern half of the Dunkard
basin is mostly red brown, whereas that in the north-
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ern half is more commonly olive gray. Red brown
seems to be most pronounced in areas where mudstone
exceeds sandstone in a ratio of about 2:1. The amount
of red-brown mudstone in rocks of the southern part
of the basin is shown by percentage on plate 15.

Plate 14 shows the gross lithology of the Dunkard
Group but not the cyclic character. Figure 2, how-
ever, shows the characteristic repetitive nature of the
relatively thin sheets of sandstone, mudstone, clay-
stone, limestone, and coal that make up the group.
In a given area these diverse lithologic units com-
monly recur in orderly groupings that are considered
to be sedimentary cycles. These cycles average about
40-50 feet each in thickness. Each facies within a
cycle changes in the same manner as does the group
as a whole. Impure limestone beds, which are thick-
est and most numerous in the northern part of the
basin (fig. 2, Ohio), thin southward, the same direc-
tion in which sandstone sheets thicken (fig. 2, West
Virginia).

The gross lithology of the Dunkard Group in west-
ern Maryland is similar to that in the north half of
the Dunkard basin except that the limestone and coal
beds are thinner. In addition, red beds are scarce,
and coarse detrital rocks are absent except in the
southernmost of three localities that contain Dunkard
rock. The basal unit in that area is a thick pebbly to
conglomeratic sandstone.

SOURCES AND ENVIRONMENTS OF DEPOSITION

Rock types, fauna, and sedimentary structures sug-
gest that rocks of the Dunkard Group probably formed
from continental deposits that accumulated in three
general and overlapping environments: lake, swamp,
and fluvial-delta plain (pl. 16"). Deposition probably
took place under both fresh- and brackish-water con-
ditions in the shallow landward part of an elongate
estuarine embayment. Though drainage of the deposi-
tional area was probably into the sea, extreme shallow-
ness of water and remoteness from the ocean may have
precluded marine incursions.

Because the Dunkard Group is far removed from
rocks of comparable age, this group can be related
only with difficulty to the paleogeography of the time.
The widespread occurrence of Upper Pennsylvanian
and Lower Permian rocks to the southwest of the
Dunkard basin and their absence to the northwest sug-
gest that a Late Pennsylvanian and Early Permian
epicontinental sea was to the southwest. The position
of thick limestone beds in the Dunkard basin, north
of the sandstone and red mudstone, however, suggests
that the basin possibly drained northeastward rather
than southwestward.

LAKES

Sequences of thin- to medium-bedded impure lime-
stone and interbedded calcareous mudstone at the
north edge of the present Dunkard basin in south-
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western Pennsylvania are believed to be principally
lacustrine deposits. The coal beds represent periods
when the lakes became filled and swamp conditions
prevailed. The kinds of fossils, both invertebrate
and vertebrate, in the limestone and associated calcar-
eous mudstone support these inferences.

Invertebrates include small gastropods, small pele-
cypods, and very small smooth-shelled ostracodes,
some of which have been referred to Carbonita (Kel-
lett, 1943, p. 616). Other specimens identified are
Lingula permiana (Stauffer and Schroyer, 1920, p.
143), Spirorbis and Estheria(?). Most of these seem
to be fresh-water forms, but Zingula permiana, found
only in a thick parting in the Washington coal bed,
and possibly Spirorbis, may be exceptions. The areal
distribution of Lingula permiana is not well known,
but this brachiopod and also Spirorbis may indicate
brackish water (Weller, 1957, p. 333; Cross and
Schemel, 1956, p. 51).

SWAMPS

Most of the vertebrate fossils in the Dunkard strata
are fragmented fish remains, but skeletal parts of
amphibians and reptiles have also been found. Verte-
brates of the Dunkard Group were listed by Romer
(1952, p. 49-98), who interpreted the environment (p.
103) as “a flat, well-watered coastal region with abun-
dant swamps and lagoons; a region ecologically ideal
for an abundant fauna of fresh-water fishes and
aquatic or swamp-dwelling tetrapods, but with rela-
tively few dry land areas in which the more purely
terrestrial types of amphibians and reptiles could
flourish in any numbers.”

Amphibian and reptile remains are relatively scarce.
The fluctuating Dunkard environment was probably
the controlling factor that limited population and di-
versity of both aquatic and terrestrial forms. Paucity
of terrestrial vertebrate remains does not necessarily
rule out the abundance of vertebrate animals, for such
remains are not often preserved.

Limestone of inferred lacustrine origin thins south-
westward and intertongues with mudstone, in part red,
and with fine-grained sandstone and coal. These strata
accumulated in a zone probably intermediate between
lake and fluvial-delta plain, where the persistence of
swamps 1s indicated by the aggregate thickness of coal
(pl. 10). The thickest coal probably formed on the
side of the swamp nearest the lacustrine deposits. Red
mudstone intertongues with swamp deposits but is
especially typical of strata formed on a fluvial-delta
plain. The distribution of this mudstone and the per-
centage of red mudstone relative to total thickness of
Dunkard rocks is shown on plate 13.

FLUVIAL-DELTA PLAINS

Rocks attributed to the fluvial-delta plain are, in
general, pebbly to fine-grained sandstone, and mud-
stone believed to have accumulated mainly on flood
plains and in relatively thin deltaic fans. Because of
low gradient, which caused streams to meander and
flood-plain deposits to overlap, most of the detrital
units are composite sheetlike bodies that include
channel, flood-plain, and deltaic features. Thin
tongues of limestone probably of lacustrine origin are
interbedded with the fluvial-plain deposits, but the
limestone is impure and lenticular, as are the coal beds.

ENVIRONMENTAL RELATIONS

Natural lines of demarcation between the three prin-
cipal environments represented by Dunkard rocks do
not exist, as rocks of these environments are
intertongued.

The general vertical cyclic repetition across the
Dunkard basin—coal, mudstone, sandstone, mudstone,
impure limestone, and underclay, in that order—indi-
cates that the environment fluctuated many times from
lacustrine to fluvial plain to coal swamp. The exten-
siveness of many of these units indicates that the area
receiving sediments was very flat. The fluctuations
were probably caused by regional tectonic movements
and by climatic variations that controlled the influx
of water and sediment.

Because of the flatness, even a slight increase in
water influx must have inundated much of the basin
and converted it into a broad shallow lake. Con-
versely, periodic floods of detritus resulted in the build-
ing of broad fluvial-delta plains that reduced and
filled the lake. During stable periods, swamps cov-
ered large parts of the basin and vegetal material
accumulated.

Each of the three environments described seems to
have produced a characteristic type of rock. Thus,
the lacustrine phase of the sedimentary cycle is char-
acterized by impure limestone, the fluvial-delta plain
phase by detrital rock, and the swamp phase by rela-
tively thick coal. Shallowness of water is strongly
suggested by desiccation cracks in many of the lime-
stone beds. At times much of the Dunkard basin sur-
face was a mudflat.

SOURCE AREAS

Scarcity of conglomerate and very coarse grained
sandstone, except in the lower part of the Dunkard
Group (pl. 17), suggests that either source areas were
distant or the climate was sufficiently humid to allow
deep weathering. The principal source area seems to
have been to the southeast; a subsidiary source appar-
ently lay to the north.
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Interpretations of the nature of source areas must
be based upon the mineralogy of the sandstone, which
is mostly subgraywacke according to the definition of
Pettijohn (1949, p. 256). This sandstone consists
mainly of quartz grains but also contains feldspar,
abundant mica, some rock fragments, and a clayey
matrix. Commonly present in the base of the sand-
stone units are casts of logs and of other vegetal de-
bris. The inferred southeastern source area probably
consisted of older Paleozoic sedimentary, volcanic,
metamorphic, and granitic igneous rocks, but the rocks
of the northern source area probably included Precam-
brian granites and metamorphic rocks as well as some
Paleozoic sedimentary rocks. The detritus seems to
have been transported with little winnowing, from
source areas across broad piedmont plains.

CLIMATE

Climate in the Allegheny region during Dunkard
deposition was humid, as indicated by abundance and
type of fossil flora. The formation of red beds in the
Dunkard Group is probably a function of position of
the sediments relative to water level during and soon
after deposition. The position of the red beds on the
fluvial-delta plain between the lacustrine limy sedi-
ments and the deltaic sands suggests deposition in a
part of the basin where water level fluctuated and re-
peatedly exposed surface and near-surface sediments
to drying. Conditions alternating from wet to dry
would have been very favorable for oxidation and
formation of red sediments. No aspect of the fauna
or flora, or of the rock itself, has been recognized as a
reliable indicator of temperature range during Dun-
kard time.

PALEOTECTONIC IMPLICATIONS

The large quantity of detrital rock in the Dunkard
Group came from rising land areas both to the north
and to the southeast, bordering a basin in which sub-
sidence was barely sufficient to accommodate the influx
of sediments. Cyeclic repetition of the various lithol-
ogies resulted from recurrent elevation of source areas,
from fluctuation in amount of precipitation, or from
a combination of these factors and perhaps others.

Recurrence of sedimentary rock types has been ex-
plained in several ways. Most explanations are varia-
tions of either the diastrophic control theory of Weller
(1956) or the climatic and sea-level control theory of
Wanless and Shepard (1936). According to the dia-
strophic control theory, recurring uplift and submer-
gence, both of the basin and of the source areas, con-
trolled the influx of sediments, with the sandstone
representing times of uplift in source areas. The cli-

PERMIAN SYSTEM IN THE UNITED STATES

matic and sea-level control theory infers a more or less
continuous subsidence of the basin accompanied by
rhythmic falling and rising of sea level, attributed to
changes in the amount of ocean water stored on land
in continental glaciers. According to this theory, sand
was deposited during times of glaciation as channel
fillings and coalescing deltaic fans on a broad piedmont
that lay between the source areas and the restricted
basins.

Basic components of the Dunkard cycles—impure
limestone, impure sandstone, and coal—represent three
related types of environment. Changes from deposi-
tion of one type of sediment to another probably re-
sulted from fluctuations in inflow of both detritus and
water, causing shifts in the lake shoreline. Fluctua-
tions of inflow possibly resulted from cyclic changes
in precipitation. Rainfall throughout what was pos-
sibly an elevated, plant-covered, and deeply weathered
source area is believed to have been abundant at all
times, but it may have reached periodic maximums of
tremendous proportions. During times of greatest
rainfall, deep soil and saprolite, as well as fresh detri-
tus, were transported, in successtve flood stages, across
both the piedmont plains and the basin. Sedimentary
features of the sandstone, such as extensive scour bot-
toms, angular fragments scoured from the underlying
stratum, and extensive structureless lenses, attest to
rapid transport of great quantities of sediments by
large volumes of water.

Although the shape, size, and depth of the Dunkard
basin changed periodically, the main streams or drain-
age systems entering it seem to have followed the same
general courses for long periods. Thus the lobate and
digitate sandstone areas shown on plate 14, F, outline
drainageways that seem to have persisted during much
of Dunkard time.

GEOLOGIC UNITS DIRECTLY ABOVE PERMIAN SYSTEM

Except for Quaternary alluvial deposits, there is no
evidence of post-Early Permian deposition in the
Dunkard basin. Extensive deposits younger than
Early Permian, if ever present, have been removed by
erosion.

PALEOTECTONIC IMPLICATIONS

Tectonic movements that caused both the gradual
sinking of the depositional basin and the uplift of
areas that supplied sediment to the basin seem to have
ceased after Early Permian time. With the filling of
this Early Permian continental basin, which was a last
remnant of the Appalachian geosyncline, the sedi-
mentary record of the Paleozoic Era was brought to a
close in eastern North America.




ALLEGHENY REGION 7

PERMIAN(?) AREAS IN EASTERN UNITED STATES AND
IOWA

Sporadic patches of gypsum-bearing red rocks that
are presumably remnants of once more extensive de-
posits occur in the central part of the Michigan basin
and in the northern part of Webster County, Towa.
These rocks are sparsely fossiliferous; they are as-
sumed to be Permian(?) because of their lithology and
stratigraphic position.

Rocks in New Hampshire that make up the White
Mountain Plutonic-Volcanic Series were at one time
considered to be Late Permian on the basis of radio-
active age determinations of 186 million years (Lyons
and others, 1957, p. 540; Cady, 1960, p. 563-564). Re-
sults from more recent radioactive dating (Faul, 1961),
however, and revision of the geologic time scale (Kulp,
1961) indicate either a Triassic or Jurassic age for
these rocks.

MICHIGAN

The Permian(?) rocks of central Michigan are un-
named unfossiliferous red beds consisting of claystone,
mudstone, sandstone, and some gypsum (Cohee and
others, 1951). These strata, which unconformably
overlie rocks ranging in age from Mississippian to
Middle Pennsylvanian, apparently accumulated as ter-
restrial deposits in local topographic lows, and their
thickness ranges from as much as 400 feet in north-

eastern Mecosta and southeastern Clare Counties to
100 feet or less elsewhere. The Permian(?) rocks are
everywhere concealed by Pleistocene glacial deposits,
and their presence is known only from drill holes.

IOWA

Permian(?) rock in Iowa, called the Fort Dodge
Formation, crops out in isolated patches in the vicinity
of Fort Dodge, northern Webster County. The
formation is massive gypsum overlain by red clayey
mudstone and sandstone and has a maximum thickness
of less than 100 feet (Hale, 1955, p. 136). This rock
in most places rests unconformably on the Pennsyl-
vanian Des Moines Series but in some places rests on
the Ste. Genevieve Limestone and the St. Louis Lime-
stone of the Mississippian Meramec Series (Hale,
1955, p. 134-138). Lenses of limestone conglomerate
whose pebbles contain fossils of Des Moines age lie
beneath the gypsum and are included in the Fort Dodge
Formation.

Parts of the Fort Dodge Formation have variously
been considered as Early Cretaceous, Miocene, Penn-
sylvanian, and Permian in age. A Permian age as-
signment was favored by Wilder (1902, p. 99-114;
1924, p. 168-177) because of the resemblance to the
Permian gypsiferous red beds of Kansas. The unit
is currently classed as Permian(?).
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GULF COAST REGION

By Erranor J. CrosBy

ABSTRACT

In a roughly arcuate area extending from western Missis-
sippi through southern Arkansas and northern Louisiana to
northeastern Texas, a southward-thickening wedge of red
mudstone, red and gray sandstone, and some anhydrite is
designated as the Eagle Mills Formation. It has variously
been referred to the Permian, Triassic, and Jurassic Systems;
in this paper its age is given as Permian(?).

The Eagle Mills is entirely a subsurface unit. It overlies
folded Pennsylvanian and possibly older Paleozoic rocks, at
least along its north edge, and it is overlain by rocks of
Jurassic(?), Jurassic, and Cretaceous age in successive north-
ward overlappings. Limited available data suggest that the
Eagle Mills at its south limit may be downfolded or faulted
against older rocks near the Arkansas-Louisiana boundary.

REGION DEFINED

The central Gulf Coast region, defined in terms of
the extent of red beds of the Eagle Mills Formation of
possible Permian age,! includes southern Arkansas, the
northernmost edge of Louisiana, part of northeastern
Texas, and part of western Mississippi. The roughly
arcuate, eroded north edge of the Permian(?) rocks
follows the trend of the Quachita Mountains across
western Arkansas and eastern Oklahoma and their
continuation, the buried southwest-trending Ouachita
structural belt, in northeastern Texas. Controlling
factors at the south edge of the southward-thickening
Permian(?) are not known.

PALEOGEOLOGY
UNITS UNDERLYING PERMIAN(?)

In northeastern Texas, southern Arkansas, adjacent
Mississippi, and northern Louisiana, the presence of
Paleozoic units older than Permian is inferred below
rocks assigned to the Eagle Mills Formation of Per-
mian(?) age. The Eagle Mills is used in the restricted
sense of Hazzard, Spooner, and Blanpied (1947), ex-

1 Fossil evidence for a probable Triassic age for the Eagle Mills
Formation is given by Scott, Hayes, and Fietz (1961) in a paper
published after completion of this text. The impression of a leaf of
Macrotaeniopteris magnifolia, recovered from the Eagle Mills in Humble
Oil and Refining Co. 1 Royston, sec. 31, T. 10 S., R. 2¢ W., Hemp-

stead County, Ark., was identified by Dr. Erling Dorf as “of late
Triassic or early Jurassic age, more probably the former.”

cluding strata now assigned to the Werner and Louann
Formations. One well is known to have reached the
base of the Eagle Mills; a few have bottomed in ig-
neous rock intrusive into it. Nearly all information
on the older rocks has been obtained from their lateral
extensions beyond the present limit of the Eagle Mills.
Available data are shown on plate 2 of I-450.

North and west of the limits of Permian(?) strata,
Jurassic and Cretaceous formations directly overlie
folded and metamorphosed Paleozoic sedimentary rocks
of the QOuachita belt. Folded Paleozoic rocks near
the north edge of the Permian(?) in southern Arkan-
sas and locally in northeastern Texas consist of hard
sandstone and black carbonaceous mudstone resembling
Mississippian or Pennsylvanian rocks of the Quachita
Mountains (Weeks, 1938, p. 962) in southwestern
Arkansas and southeastern Oklahoma.

Rocks of possible pre-Permian age south of the
Eagle Mills are known from only two wells. In cen-
tral-southern Arkansas (Gulf Refining Co. 49
Werner, sec. 5, T. 15 S., R. 7 W.), steeply dipping mud-
stone, altered to hornfels by intrusive diabase and be-
lieved to be older than the Eagle Mills, underlies con-
glomeratic red beds assigned to the Werner
Formation, which overlies the Eagle Mills to the north.
In northeastern Louisiana (Union Producing Co. 1-A
Tensas Delta, sec. 8, T. 22N., R. 4 E.), red beds of the
Werner lie without apparent angular discordance on
unmetamorphosed dark mudstone and subordinate
sandstone, limestone, red beds, and anhydrite of the
Morehouse Formation. The Morehouse has been
dated as late Paleozoic, probably not older than Penn-
sylvanian, on faunal evidence (Imlay and Williams,
1942) and as Middle or Late Pennsylvanian on spore
determinations (Hoffmeister and Staplin, 1954).

LOWER BOUNDARY OF PERMIAN(?)

The lower boundary of the Permian(?) in the cen-
tral Gulf Coast region is assumed to be at the base of
the dominantly red rocks assigned to the Eagle Mills
Formation. At its north edge the Eagle Mills wedges

13
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out above folded older Paleozoic rocks. In other
parts of the area the depth and nature of the lower
boundary are unknown.

TOTAL THICKNESS OF PERMIAN ROCKS
THICKNESS AND TRENDS

Figure 3 shows the total thickness of Permian rocks
—the Eagle Mills Formation (restricted)—in the Gulf
Coast region. The original thickness of the Eagle
Mills is unknown. The formation has been beveled by
erosion at least along its north margin, and its base has
not been reached to the south, although more than
4,600 feet of red beds and associated sandstones has
been penetrated in southeastern Arkansas. The zero
isopach in figure 3 marks the approximate edge of the
formation. Near this south edge, figures given for
partial thickness of the restricted Eagle Mills include
undetermined thicknesses of the red-bed member of
the overlying Werner Formation (Hazzard and others,
1947, p. 486).

Available lithologic data are inadequate for rec-
ognition of lithofacies patterns in the Eagle Mills.
The formation consists dominantly of red mudstone,
lesser amounts of red and gray sandstone, and a little
anhydrite.

94°
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STRATIGRAPHIC RELATIONS

The north margin of the Eagle Mills, in Arkansas
and along its possible continuation in eastern Texas,
is the eroded edge of a southward-dipping unit that
once extended farther north over folded Paleozoic
rocks of the Quachita belt. The age of the formation
and the nature of the southern, more deeply buried
part are controversial. Neither the red beds of the
restricted Eagle Mills nor the closely associated red
beds, anhydrite, and salt currently designated as the
Werner and Louann Formations have yielded identi-
fiable fossils. The Morehouse Formation in north-
eastern Louisiana, another element in all interpreta-
tions of the Eagle Mills, has been dated as Pennsyl-
vanian on spores from the only well in which the
formation has been recognized. All four formations
are restricted to the subsurface, below Upper Jurassic
and younger rocks.

The Eagle Mills has been classed variously as Per-
mian, Triassic, or Jurassic. Permian age has been
suggested by those who regard the upper part of the
northern red beds as grading southward into anhydrite
and salt considered to be of that age. The entire unit,

so conceived, has been called Permian(?) on the basis
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of comparison with red beds and salt of the Permian
of west Texas, Oklahoma, and Kansas (Weeks, 1988,
p- 962).

Permian age also is assigned to both red beds and
saline deposits by Hazzard, Spooner, and Blanpied
(1947, p. 483-503). However, they restrict the name
Eagle Mills to red beds in the type well (Amerada
Petroleum Co. 1 Eagle Mills, sec. 11, T. 12 S., R. 16
W.) near the northern limit of the formation in Ar-
kansas, and to equivalent strata. They define as the
Werner Formation red beds and anhydrite that they
consider to be unconformable above the restricted
Eagle Mills and that lie south of the Eagle Mills type
locality. Above the anhydrite is the Louann Salt.

In northeastern Louisiana the Eagle Mills is missing.
Less than 50 feet of red beds between the Morehouse
Formation and the overlying anhydrite and salt is
assigned to the Werner Formation by Hazzard,
Spooner, and Blanpied (1947). Less than 20 miles to
the northeast, the evaporitic rocks are underlain by
more than 4,600 feet of red beds and sandstone of the
Eagle Mills and Werner Formations, the base of which
was not reached in drilling. The Eagle Mills is inter-
preted by Hazzard, Spooner, and Blanpied as older
than the Morehouse and extending southward beneath
it. This interpretation, however, predates recognition
of Pennsylvanian spores in the Morehouse (Hoff-
meister and Staplin, 1954).

The relation between the Morehouse and the thick
restricted Eagle Mills to the north may be explained
(according to Imlay and others, 1948, p. 1760) by
faulting or folding of the Eagle Mills before deposi-
tion of the Werner Formation. In this interpretation
it is assumed that the Eagle Mills is younger than the
Morehouse.

A Jurassic age has been suggested for the Eagle
Mills and the overlying red beds and salt of the
Werner and Louann Formations because of lithologic
similarity to red beds and salt of probable Jurassic age
in eastern Mexico (Imlay and others, 1948, p. 1758-
1760). Finally, recent study of the red beds of Ta-
maulipas, Mexico (Mixon and others, 1959), suggested
a possible Triassic age. An angular unconformity
separates into two units the sequence at Tamaulipas,
dated by Imlay and others as probably Jurassic; plant
remains of probable Triassic age occur near the top of

the lower unit; this unit may be correlative, at least in
part, with the Eagle Mills (Mixon and others, 1959).

In this paper the Eagle Mills is assigned provision-
ally to the Permian. The formation cannot, however,
be dated with certainty more closely than younger
than Early Pennsylvanian and older than part of the
Late Jurassic.

GEOLOGIC UNITS DIRECTLY ABOVE PERMIAN SYSTEM
UNITS OVERLYING PERMIAN(?)

The Permian(?) of the central Gulf Coast is over-
lain by rocks of possible Late Jurassic, known Late
Jurassic, and Cretaceous age. In this paper, the red
beds, anhydrite, and salt of the Werner and Louann
Formations, overlying the Eagle Mills Formation, are
considered provisionally as of Jurassic age (MacLach-
lan, in McKee and others, 1959, p. 1; I-450, pl. 8).

North and northwest of the limits of the Werner
and Louann, poorly defined belts of Upper Jurassic
rocks lie on Permian(?) rocks. Locally, the Cotton
Valley Group, youngest unit of Late Jurassic age in
the central Gulf Coast region, occurs immediately
above the Eagle Mills in an area where older units
would normally overlie the Permian(?). Along its
north edge the Permian( ?) is overlain by Lower Creta-
ceous rocks in Texas and western Arkansas and by
Upper Cretaceous gravels in central and eastern
Arkansas.

PALEOTECTONIC IMPLICATIONS

Events at the end of Eagle Mills time cannot be re-
constructed with confidence. An extensive evaporite
basin may have formed in and south of the known
area of Eagle Mills deposition after or perhaps during
the later stages of Eagle Mills accumulation. Forma-
tions of Jurassic and Cretaceous age overlapped both
evaporitic deposits and older red beds of the Eagle
Mills. Irregular distribution of various younger units
directly above the Eagle Mills indicates that the Per-
mian(?) was warped and locally exposed within the
Mesozoic Era. Normal faulting in southwestern Ar-
kansas accompanied regional southwestward tilting and
exposure of the Eagle Mills in eastern Arkansas at the
end of Early Cretaceous time. After the close of the
Mesozoic, however, the Permian(?) rocks remained
covered by deposits of shallow, fluctuating Gulf Coast
seas and of the adjoining marginal areas.
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WEST TEXAS PERMIAN BASIN REGION

By Steven S. Orirr, Donawp A.

ABSTRACT

Synthesis of available stratigraphic information indicates
that major tectonic elements infinuencing sedimentation in west
Texas and adjoining regions during the Permian Period were
fully developed late in Pennsylvanian or very early in Per-
mian time.

Dominant in earliest Permian time was the northward
thrusting of the Ouachita-Marathon structural belt, an event
which marked the culmination of orogeny along the south edge
of the Permian basin and the shedding of a large volume of
detritus northward into the Val Verde trough. North of this
trough the region was divided by positive elements into plat-
forms and intervening basins. Early in Wolfcamp time, sink-
ing of the Delaware and Midland basins and of the Val Verde
trough exceeded the rate of deposition. This situation favored
formation of stagnant-water deposits, and produced bold sub-
marine relief along the Central Basin platform, which periodi-
cally stood above sea level. Thicknesses of strata differ
greatly from place to place, but greatest accumulations were
in the basins.

During Leonard time stratigraphic thicknesses more uniform
than before suggest that the region subsided rather evenly.
Inherited physiographic features such as platforms, shelves,
basins, and the margins between them, however, were still
sharply demarcated by distinctive facies. On basin margins
marked relief was maintained by rapid deposition of carbon-
ate rocks, whereas the basins as a whole, though large and
continually sinking, received insufficient detritus to fill
completely.

In Guadalupe time the central part of the Delaware basin
continued to deepen and euxinic conditions persisted, but the
Midland basin gradually became filled and assumed the as-
pects of adjoining shelves and of the Central Basin platform.
In it conditions were favorable for the deposition of evapo-
rites. Growth of almost continuous reefs and banks around
the periphery of the Delaware basin effectively reduced
marine circulation on shelves and platforms. Relative tec-
tonic stability resulted in lateral as well as vertical growth
of reefs, maintenance of barriers, the formation of thick de-
posits of evaporites.

In latest Permian time formation of a barrier, possibly a
reef sill, in the southern part of the region sharply reduced
circulation and resulted in rapid deposition of a great volume
of evaporites. Marked tectonic stability, except for relatively
great regional sinking, permitted maintenance of the barrier
and of an evaporite pan in which the sequence of precipitation
proceeded to the stage in which bittern salts settled. The

evaporites were subsequently blanketed by uniformly thin and

Myers, and Eveanor J. CrosBY

very fine grained red beds whose nearly conformable relation
to overlying Upper Triassic detrital rocks implies continued
regional stability.
REGION DEFINED

The west Texas Permian basin region includes the
southeast quarter of New Mexico and parts of Texas
south and southwest of the Texas Panhandle (fig. 4).
The region, locally known as the Permian basin, was
the site of epicontinental inundations during most of
Permian time. During earliest Permian time, the
Ouachita-Marathon structural belt shed a large volume
of detritus northward into the Val Verde trough.
North of this trough, the region was divided by posi-
tive elements into platforms and intervening moder-
ately deep basins. The platforms or shelves, the
basins, and the margins between them are sharply de-
marcated by distinctive facies. Restrictions in marine
circulation, especially during latter parts of Permian
time, resulted in the accumulation in this region of
especially thick and varied saline deposits.

PALEOGEOLOGY
UNITS UNDERLYING PERMIAN

Rocks beneath the Permian System in west Texas
range in age from Precambrian to Pennsylvanian (fig.
5). In general, the oldest rocks directly underlie the
Permian in structurally positive areas such as the Cen-
tral Basin platform, the Diablo platform, and the
Pedernal positive element. Pennsylvanian rocks are
most extensively preserved in the Midland and Dela-
ware basins, in the Val Verde trough, and on the
Northwestern and Eastern shelves. They are also re-
ported from the Chinati Mountains (fig. 6) and from
a few boreholes in the little-explored Marfa basin (fig.
7). The Pennsylvanian and Permian sequence of the
Marfa basin may continue under younger rocks south-
westward into the Placer de Guadalupe and Sierra del
Cuervo areas of Chihuahua (fig. 4), where Pennsyl-
vanian(?) rocks are reported below Lower Permian
rocks (Ramirez and Acevedo, 1957; Flawn and Diaz-
Gonzales, 1959; Bridges and DeFord, 1961).

21
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Ficure 4—Central and west Texas and southeastern New Mexico localities referred to in text.

underlain in whole or i

Units shown on the paleogeologic map (fig. 5) of the
region are for the most part time stratigraphic rather
than rock stratigraphic, which conforms with common
regional practice.

PENNSYLVANIAN UNITS

Assignment of rocks beneath the Permian to sub-
divisions of the Pennsylvanian System has been based
largely on fusulinid data obtained from reports of the
Paleontological Laboratory in Midland, Tex., and
from some petroleum companies. Reliance on pale-
ontologic information is necessary because facies
changes in Pennsylvanian rocks within the region are
numerous and, in places, abrupt. Moreover, in many
places no readily apparent lithologic basis is evident
for separating rocks of one series from similar rocks
of another. Individual key beds are utilized locally
for correlation by lithology. Although spore studies
are being used increasingly for stratigraphic division

Counties named on map are
n part by Permian rocks.

of the Pennsylvanian System, results of these studies
have not been available to us.

In the shelf areas of the west Texas region, upper-
most Pennsylvanian rocks beneath the Permian Sys-
tem are assigned by Texas geologists to the Cisco
Series and are shown in figure 5 and on plate 2 of
1450 as rocks of Virgil age. This series is exten-
sively represented by limestone on the Northwestern
shelf and on the east side of the Central Basin plat-
form. Limestone is also the dominant rock along the
Horseshoe atoll (Myers and others, 1956, p. 11, 28; Staf-
ford, 1959, p. 8). However, the Cisco Series consists
of both mudstone and limestone, and some interbedded
sandstone along the FEastern shelf, and underlies the
Permian System with apparent conformity. Permian
rocks overlap the Cisco Series and lie on rocks of the
Canyon and Strawn Series of Missouri and Des
Moines age, respectively, at the south end of the Cen-
tral Basin platform.
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F1GURE 5.—Geologic units directly beneath Permian System in west Texas and southeastern New Mexico.
Pennsylvanian rocks: Pr, undivided (line pattern); Psc, Sangre de Cristo Formation (part); Pvmd, Madera

rocks.

Pz, Paleozoic

Limestone, Pvmg, Magdalena Group, and Pv, undivided, all of Virgil age; Pvm, undivided, of Virgil and Missouri age;

Pm, undivided, of Missouri age; Pd, undivided, of Des Moines age.
Dr, Devonian rocks.
SO<€r, Silurian, Ordovician, and Cambrian rocks.
Or, undivided; Oe, Ellenburger Group; Om, Montoya Limestone; Os, Simpson Group.
Precambrian rocks: p€r, undivided; p€c, Carrizo Mountain
Dark pattern, areas where rocks older than Permian are exposed; light pattern, areas where Permian rocks

Shale.
Silurian Fusselman Dolomite.

M<€r, Mississippian through Cambrian rocks.

rocks. p<€v, Precambrian(?) Van Horn Sandstone.

Formation.

have not been penetrated. Contacts between stratigraphic units dashed where uncertain.

shown by heavy line; dashed where uncertain.

Rocks of Virgil age are locally present along the
west margin of the region. In the Hueco Mountains
(fig. 6), for example, the uppermost part of the Mag-
dalena Group at one locality has yielded fusulinids
of Virgil age (King, P. B., and others, 1945). An
angular unconformity separates the two systems there,
however, and Permian rocks in adjoining areas rest on
successively older Pennsylvanian rocks of the Magda-
lena. A similar situation exists in the Franklin
Mountains and the Sierra Diablo. For this reason,

Mississippian rocks: Mr, undivided; Mb, Barnett
DSr, Devonian and Silurian rocks. Sf,
Ordovician rocks (stipple pattern):
O<r, Ordovician and Cambrian

Limit of Permian rocks

these units below the Permian are shown in figure 5
as Pennsylvanian undivided.

In the Glass Mountains area (fig. 6), south of the
Val Verde trough, rocks directly beneath the Permian
are mapped as Pennsylvanian undivided because of
the stratigraphic complexity produced by deformation
and erosion in the Late Pennsylvanian and very early
in the Permian. Permian rocks rest on (1) the Tesnus
Formation of Mississippian and Pennsylvanian age
and the Dimple Limestone of Middle Pennsylvanian
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Ficure 6.—Geographic features in central and west Texas and southeastern New Mexico mentioned in text.

age along the central part of the Glass Mountains es-
carpment, (2) the Haymond Formation of Middle
Pennsylvanian age at the far east end of the
mountains, (3) the shallow-water, type Gaptank
Formation of Middle and Late Pennsylvanian age in
the northeastern Glass Mountains, and (4) a thick
Gaptank sequence of deeper water mudstone and sand-
stone in the western Glass Mountains area. The sig-
nificance of the Gaptank in determining the base of
the Permian in this area is discussed below.

The precise age of the uppermost Pennsylvanian
beds in the Midland and Delaware basins and the Val
Verde trough is not established. The section in both
basins consists of a hundred to several hundred feet
of very dark gray mudstone underlain by locally
cherty limestone with some gray mudstone. The lime-
stone is assighed to the Strawn Series and contains
fusulinids of early Des Moines age. The dark-gray
mudstone was formerly assigned a Wolfcamp age be-

cause fusulinids of that age had been reported from
the unit in several wells.

Recent detailed studies of the dark-gray mudstone
unit in the Midland basin indicate that at least some
earlier reported Wolfcamp fossils apparently were
from caved cuttings of rocks above the mudstone.
Fusulinids of Virgil, Missouri, and late Des Moines
age are reported by the Paleontological Laboratory
from the mudstone unit in several boreholes within the
Midland basin.!  Furthermore, near the margins of the
basin the thin mudstone unit is believed to intertongue
with limestone beds of the thicker fossiliferous Upper
Pennsylvanian sequence of the shelf areas (Adams and
others, 1951, p. 2604; Rall and Rall, 1958, p. 860-861).
The thinness of the mudstone unit and the sparsity of
fossils in it are attributed to deposition in a deep
marine “starved basin” (Adams and others, 1951, p.

1Texas loc. Nos. on pl. 1 of I-450; 1535, 1537 (Howard County) ;
670 (Crosby County) ; 1408 (Kent County) ; 1524 (Martin County) ;
and 1542 (Mitchell County).



WEST TEXAS PERMIAN BASIN REGION 25

OZONA
% ARCH

0] 50
| S|

100 150 MILES
1 |

F1cUrE 7.—Tectonic elements in central and west Texas and southeastern New Mexico in late Paleozoic time.

2604) that persisted at least through Late Pennsyl-
vanian time. In the Midland basin, therefore, the
dark-gray mudstone unit above the Strawn limestone
is mainly Late Pennsylvanian and is shown in figure 5
as of Missouri and Virgil age.

Drilling in the Delaware basin and the Val Verde
trough has been far less intensive than in the Midland
basin, and detailed stratigraphic relations have yet
to be established. A dark-gray mudstone unit above
the Strawn Limestone in the Delaware-Val Verde
area was included in the Wolfcamp Series in earlier
publications (Roswell Geol. Soc., 1953; Bruce, 1954)
but is assigned to the Cisco and Canyon Series in a
more recent, geologic section (Roswell Geol. Soc., 1958).
This unit, like the similar mudstone above the Strawn
Limestone in the Midland basin, may have been de-
posited in a deep marine “starved basin” (Vertrees
and others, 1959, p. 68) of Late Pennsylvanian age.
However, most of the fusulinids reported thus far
from the mudstone unit in the Delaware basin have

been assigned a Wolfcamp age (Williams, H. L., 1959,
p- 97).

The dark-gray mudstone unit, where present in the
Delaware basin and Val Verde trough, is included in
this paper with the Wolfcamp Series in interval A,
and the rocks beneath the Permian System are shown
as of Des Moines age (fig. 5). These ages conform
with reports of the Paleontological Laboratory.
Moreover, this mudstone unit commonly cannot be
separated on a regional basis from overlying rocks in
interval A.

It is likely that Wolfcamp fossils caved from the
overlying very thick detrital rocks have been recov-
ered with rotary samples from the mudstone unit,
which is rarely cored. On the other hand, some Per-
mian fusulinids have been obtained from limestone
immediately above the Strawn Limestone, so that at
least locally Wolfcamp rocks rest upon Middle Penn-
sylvanian rocks.
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In the Chinati Mountains of the western Marfa
basin, Permian rocks crop out in several isolated areas.
Their base is mostly not exposed or is destroyed by
igneous intrusions. At a few places they are known
to be underlain by limestone, sandstone, and mudstone
of the Cieneguita Formation of Middle and Late Penn-
sylvanian age (Skinner, J. W., 1940, p. 185).

Rocks of late Early and early Middle Pennsylvanian
age, as well as some of Late Pennsylvanian age, are
present in the west Texas Permian basin. Where
they lie directly beneath the Permian System, they
are shown in figure 5 as Pennsylvanian rocks
undivided.

PALEOTECTONIC INVESTIGATIONS OF THE

OLDER PALEOZOIC UNITS

Pre-Pennsylvanian rocks that are directly beneath
the Permian System in west Texas include limestone,
siliceous limestone, and black mudstone of Mississip-
pian age; the “Woodford Shale” and Caballos Novacu-
lite of Mississippian and Devonian age; limestone,
cherty limestone, and dolomite of Devonian age; a
unit consisting mainly of the Fusselman Dolomite of
Silurian age but locally including rocks of adjoining
systems; the Montoya Limestone, Simpson Group and
Ellenburger Group of Ordovician age; sandstones of
Cambrian or Cambrian and Ordovician age; and Pre-
cambrian rocks of several lithologies. The Van Horn
Sandstone is shown in this paper as Precambrian( ?)
(King, P. B., and Flawn, 1953, p. 95). These and
other named units are described by P. B. King (1937,
1965), Laudon and Bowsher (1941), Lloyd (1949),
T. S. Jones (1953), Flawn (1956), Barnes and others
(1959), Jicha and Lochman-Balk (1958), Galley
(1958), and others.

The complex distribution of Paleozoic and Precam-
brian rocks beneath the Permian System on the Cen-
tral Basin platform is generalized considerably in
figure 5. Permian strata rest with angular uncon-
formity on faulted and folded older rocks. Detailed
relations of these faults and folds have been ascer-
tained only in intensively drilled producing areas but
were illustrated by Elam (1957, p. 9), Van den Bark
(1957a, p. 113), Osborne (1957, p. 168), Watson and
Bentz (1957, p. 188-189), Cooper and Ferris (1957,
p. 361), and LeBlond (1957, p. 405). Geophysical
evidence suggests that a high-angle reverse fault off-
sets basement rocks along the west side of the Central
Basin platform (Cohee and others, 1961), but the fault
may fade out in overlying strata and is not shown in
figure 5.

Paleogeologic relations in the Sierra Diablo area, in
eastern Hudspeth and western Culberson Counties of
west Texas (figs. 4, 5), are generalized from a map by
P. B. King (King and Flawn, 1953, pl. 19C) and are

PERMIAN SYSTEM IN THE UNITED STATES

extended laterally on the basis of sparse subsurface
data. In this area, too, details of known structural
features (including faults) cannot be shown on the
present scale, but a regional easterly to southeasterly
strike of pre-Permian strata is evident.

Rocks beneath the Permian System exposed in the
Pump Station Hills of north-central Hudspeth County,
Tex., are assigned a Precambrian age (King, P. B.,
1942, p. 678; King, P. B., and Flawn, 1953, p. 123;
Stead and Waldschmidt, 1953, p. 73). The hills are
south of the south end of the Pedernal positive ele-
ment in New Mexico (fig. 75) and probably represent
its southern extension. The axis may continue south-
ward into the area of pre-Permian deformation on
the Diablo platform, as depicted by P. B. King (1942,
p- 678), and as shown in figure 5, although drilling has
not yet established this.

LOWER BOUNDARY OF PERMIAN

In many parts of the region, Permian strata are
underlain by lithologically similar Pennsylvanian
rocks and the boundary between them is difficult to
recognize, except on the basis of fusulinid age deter-
minations (Soc. Econ. Paleontologists and Mineralo-
gists, 1957, p. 39-98).

The base of the Permian is clear in the structurally
positive areas where Pennsylvanian rocks are absent.
In many parts of the Central Basin platform, the
Permian overlies distinctive middle to lower Paleozoic
or Precambrian rocks (Van den Bark, 1957b, p. 233;
LeBlond, 1957, p. 404). In some areas the base of the
Permian is marked by a thin detrital unit of variegated
mudstone, sandstone, and chert sandstone derived from
the older rocks. In parts of the Central Basin plat-
form, however, similar detrital units occur locally both
at the base of the Pennsylvanian and within the car-
bonate sequence of Wolfcamp age.

An angular unconformity at the base of the Permian
is conspicuous in the Sierra Diablo region and present
in the Pump Station Hills and along the southern part
of the Pedernal positive element. The detrital unit
near and at the base of the Permian System in the
western part of the basin, exposed in the Hueco
Mountains and the Sierra Diablo, is called the Powwow
Member of the Hueco Limestone (King, P. B., and
Flawn, 1953, p. 98).

In the western part of the Glass Mountains, an an-
gular unconformity occurs at the base of the Wolfcamp
Formation; however, Pseudoschwagerina has been
recognized in rocks mapped as Gaptank Formation be-
low the unconformity. In one place they occur in
rock below an intervening thrust plate of pre-Permian

rocks. The unconformity is, therefore, within the Per-
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mian System as defined in terms of fusulinid zones.
The base of the system in this area cannot be consist-
ently recognized in terms of changes in lithology.

In many stratigraphic sections in the Midland basin,
the lower boundary of the Permian System is placed
at the top of or within the dark-gray mudstone unit
that overlies the Strawn Limestone (Caussey, 1957, p.
147) ; the horizon chosen at many localities is at the
top of a sandstone lentil about 200 feet above the
Strawn Limestone. In the Delaware basin and Val
Verde trough, however, the boundary is placed at the
base of several hundred feet of dark-gray mudstone
that overlies the Strawn Limestone (Vertrees and
others, 1959, p. 68). Part or all of this mudstone,
however, may be Pennsylvanian. In the eastern part
of the area, layers or reefs of Pennsylvanian lime-
stone that are progressively younger (Missouri to
Virgil) toward the Eastern shelf intertongue with
mudstone and sandstone (Rall and Rall, 1958). How-
ever, in southwestern Sutton County fusulinids of
Wolfcamp age (in place?) were recovered within 100
feet of the Strawn Limestone.

No lithologic basis of recognizing the Pennsyl-
vanian-Permian boundary is apparent on the North-
western shelf, along the east margin of the Central
Basin platform, or in the area of the Horseshoe atoll
(fig. 7), in the northern Midland basin, where lime-
stones of Late Pennsylvanian and Wolfcamp ages are
much alike. Moreover, in some parts of the Midland
and Delaware basins, detrital rocks of Permian age
overlie similar rocks of Pennsylvanian age. In these
places, therefore, the systemic boundary is placed
between horizons from which fusulinids indicative of
the respective ages have been reported.

On the Eastern shelf, the base of the Permian rests
upon the Chaffin Limestone Member of the Thrifty
Formation (Cisco Group) and its lateral equivalents
(Eargle, 1960).

The base of interval A in the Chinati Mountains in
the western Marfa basin is at the base of the Alta
Formation, although some Pennsylvanian strata may
be included in the unfossiliferous mudstone of the Alta
(Skinner, J. W., 1940; Rix, 1953a, b, ¢).

PALEOTECTONIC IMPLICATIONS

Most of the major tectonic elements that influenced
sedimentation in west Texas and adjoining regions
during the Permian Period were fully developed late
in Pennsylvanian or very early in Permian time.

Major crustal instability within the west Texas
Permian basin, before oldest Permian strata were de-
posited, is clearly recorded in the marked angular un-
conformities shown on the paleogeologic map (fig. 5).

Fossils for bracketing many of the tectonic episodes,
however, are sufficient to permit age assignments no
more precise than Middle or Late Pennsylvanian to
Early Permian.

OUACHITA-MARATHON BELT

One of the most extensive tectonic elements of the
Southwestern United States, active at or near the end
of the Pennsylvanian Period, was the western part of
the Ouachita-Marathon structural belt, along the south
margin of the Val Verde trough. The belt contains
structural features of possible Early Pennsylvanian to
Early Permian age. The present edge of Permian
rocks (fig. 8; I-450, pl. 3) differs only slightly from
the boundary of the structural belt (fig. 9, inset).
Within at least the western part of the arc of the oro-
genic front, strata formed in an Early Pennsylvanian
trough, and earlier Paleozoic formations beneath were
folded and thrust, mainly northward, at intervals
throughout Pennsylvanian time and very early in
Permian time. Mountainous areas created by these
deformations furnished much of the detritus that filled
the Val Verde trough.

The southeastern part of the south margin of the
Val Verde trough may have been established early in
Pennsylvanian time. In that area, an overthrust sheet
of metamorphosed rock of the Ouachita structural
belt overlies Precambrian metavolcanic rocks of the
Devils River uplift, a northwestward-trending positive
element that was intermittently active from early Pa-
leozoic through at least Cretaceous time (Flawn, 1959,
p. 74-77). Metamorphic rock fragments derived from
the thrust sheet were deposited with sediment of early
Middle Pennsylvanian (Atoka) age northeast of the
thrust belt and the Devils River positive element
(Flawn, 1959, p. 77). Not enough data are available
to indicate whether deep-trough development north of
the Devils River uplift began in Middle Pennsylvanian
time or later, but the resistant mass of the uplift seems
to have set a northeastern limit to intensive folding
and overthrusting by this date.

Times when deformation northwest of the Devils
River uplift took place also are not definitely known.
The youngest deformed and slightly metamorphosed
rocks between the Devils River and Marathon uplifts
may be equivalent to the Tesnus Formation of the out-
crops (P. T. Flawn, written commun., 1960). Later
Pennsylvanian time may be represented by unaltered
dark mudstone and fine-grained sandstone, recorded
in a few wells just north of the orogenic front; it may
be more completely represented in the Val Verde
trough area in the Lower Strawn Limestone and over-
lying dark mudstone unit, which is a few hundred feet
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Ficure 8.—Val Verde trough area, west Texas, showing strati-
graphic units underlying interval A.

thick at most. The absence of known thick or coarse-
grained detrital deposits of Middle or Late Pennsyl-
vanian age suggests that land south of this central
segment of the Val Verde trough remained too low to
supply a large volume of sediment until very early in
Permian time.

Deformation in the western part of the Val Verde
region is recorded in Paleozoic rocks exposed in the
Marathon area. Lower Pennsylvanian and underly-
ing rocks, formed in older troughs to the south, were
deformed and uplifted in Middle and Late Pennsyl-
vanian and earliest Permian times. They supplied
detritus to a foredeep, whose strata have been mapped
as the Gaptank Formation in the western Glass
Mountains, and to an unstable shelf, as recorded in the
Gaptank and Wolfcamp Formations of the eastern
Glass Mountains. Destruction of this later trough
very early in the Permian is demonstrated by a north-
westward thrust of lower Paleozoic rocks upon which
conglomerate and other shallow-water strata of the
Wolfcamp Formation were deposited unconformably.
These data support migration of belts of deformation
and deposition in the Ouachita-Marathon structural
belt from the inner (southern) part of the system to-
ward the foreland (Flawn and others, 1961).

BASINS AND TROUGHS

The Delaware and Midland basins were well devel-
oped before Permian sedimentation began. The pres-
ence of normal marine sedimentary rocks in the lower
part of the Strawn Series indicates that seas were still
shallow in both basins, although the deepest part of
the later Delaware basin was foreshadowed by the
earlier “Tobosa basin” (Galley, 1958). By Late Penn-
sylvanian time, however, both basins were probably
topographically and structurally deep (Adams and
others, 1951). Only the northern part of the Mid-
land basin remained a relatively shallow platform, on
which grew the Horseshoe atoll (fig. 7).

In the Val Verde area, southeast of the Delaware
basin and north of the Quachita-Marathon belt, and
in outcrops at the base of the Gaptank Formation of
the Glass Mountains, the presence of widespread lime-
stone suggests a fairly stable foreland early in Des
Moines time. Through the remainder of Pennsyl-
vanian time, dominantly carbonate deposition, pre-
sumably in shallow water, continued on the north edge
of the Val Verde area, and the sea transgressed across
a positive element of older rocks, the south end of the
Central Basin platform. In contrast, deposition of a
thin unfossiliferous mudstone—the “starved-basin”
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facies—south of the area of carbonate deposition may
indicate deeper water accompanying downwarping in
the incipient Val Verde trough.

Deposition of much detritus, as well as limestone, in
the Marathon area and the Chinati Mountains area
(Gaptank and Cieneguita Formations) suggests that
these areas bordered high southern and western source
areas during Middle and Late Pennsylvanian time.

Near the beginning of Permian time, the Val Verde
trough was abruptly deepened and its north side irreg-
ularly steepened opposite the Marathon salient of the
southern structural belt. The slope thus formed lay
along the southwest margin of the developing Central
Basin platform and, to the east, pdssed into the broad
south flank of the Ozona arch in Crockett County.
That the north flank of the trough was not a slope of
simple linear trend is evident from the isopach map
of interval A (fig. 12).

Large-scale faulting, believed to be of Pennsylvanian
age, is recognized in several areas of deep drilling
along the north flank of the Val Verde trough; sag-
ging along these zones of weakness during Permian
deepening of the trough seems probable (Vinson,
1959 ; Hester and Holland, 1959). The Phillips 1 Uni-
versity EE well (loc. 2254, 1-450, pl. 1) penetrated a
section described as “located in a structurally complex
zone of multiple faulting, including high-angle reverse
faults and possibly some overturning, which separates
the Fort Stockton high from the Val Verde geosyncline”
(Young, 1960, p. 104). The deformation observed in
the University EE well is interpreted (Young, 1960,
fig. 65) as having affected lowest Permian rocks in the
Val Verde trough.

PLATFORMS

Though relatively small in area, the deformed Cen-
tral Basin and Diablo platforms affected sedimentation
throughout Permian time. Ascertaining the precise
times of deformation of these elements, however, is
difficult.

Deformation on the Diablo platform consisted of
uplift, folding, and faulting. Uplift was greater in
the south than the north, in the Carrizo Mountain-
Van Horn area (fig. 4) where subsequent erosion
breached Precambrian rocks.

Pebbles and cobbles in the Powwow Member of the
Hueco Limestone attest to deformation and erosion of
parts of the Diablo platform; in places the underlying
surface has several hundred feet of relief (King, P. B.,
and Flawn, 1953 ; Hay-Roe, 1957). Fusulinids in beds
above the unconformity are considered by Henbest to
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characterize “bed 14” and higher parts of the Wolf-
camp Formation at its type section (XKing, P. B,
1965), so that oldest Permian strata in the Sierra
Diablo area may be of late Wolfcamp age. Youngest
rocks beneath the unconformity are possibly of Middle
Pennsylvanian age. Detritus as coarse as sand is
moderately abundant in Permian rocks of interval A in
the adjoining Delaware basin, whereas such detrital
sediment is not apparent in Upper Pennsylvanian
rocks. The Diablo platform may have been deformed
in either Late Pennsylvanian or Early Permian or
both, but topographic relief and the presence of coarse
detritus favor Early Permian.

The fault shown northeast of the Diablo platform
in southern Reeves County is a diagrammatic repre-
sentation of a little understood structure in a very
sparsely drilled area. The contact between rocks de-
picted in figure 5 and the Permian may be an uncon-
formity on older rocks that were faulted in pre-Per-
mian time. If, however, the Permian in at least one
of the boreholes in the area (Balmorhea Ranch, loc.
2084, 1450, pl. 1) is in fault contact with the older
rocks, as seems likely, then deformation occurred after
earliest Permian deposition. The fault parallels fault-
ing known in post-Permian rocks southwest of the
Balmorhea Ranch area, along the northeast margin of
the Diablo platform.

The Central Basin platform probably assumed its
present structural configuration early in Permian time.
During most of Paleozoic time the site of the platform
was close to but east of the axis of the “Tobosa basin”
(Galley, 1958, p. 408, 409, 412, 416), but early in Penn-
sylvanian time the southern part of the area became
structurally positive and formed part of the Pecos
arch (Galley, 1958, p. 418). The platform had devel-
oped in embryonic form in latest Middle Pennsyl-
vanian time (Adams and others, 1951). There seems
to be no control of the position of the platform in the
pattern of basement rocks (Flawn, 1956, pl. 3).

Folds and faults formed during uplift of the Central
Basin platform affect rocks as young as Late Penn-
sylvanian. Strata of Wolfcamp age lie unconform-
ably on these structural features but are thin or even
absent in places and probably were deposited late in
Wolfcamp time. The platform was probably de-
formed during the early part of the Permian (Lloyd,
1949, p. 63).

A large volume of Paleozoic and Precambrian rocks
was removed from the Central Basin platform during
and after uplift and before deposition of lowest
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Permian strata, but there is little evidence of this
debris in surrounding areas. Along the west margin
of the Central Basin platform present structural relief
is about 4,000 feet and along the east margin about
1,500 feet. Similar topographic relief in Late Penn-
sylvanian or earliest Permian time would have pro-
duced much coarse detritus, but such is not now
evident in rocks of Wolfcamp age. Most of the
eroded material, however, was easily weathered Paleo-
zoic carbonate rock (Lloyd, 1949, p. 63).

Erosion may have kept pace with uplift so that the
top of the platform did not rise appreciably above
base level. Rock removed may have been distributed
through the large volume of detrital rocks, including
numerous sandstone beds, now present in Wolfcamp
strata in adjoining basins.

SHELVES

The Northwestern shelf was well developed before
the onset of Permian time, as shown by the abundance
of shelf limestones, including numerous reefs of Virgil
age (fig. 5), along its present trend. This tectonic
element may have originated in early Paleozoic time,
when it formed the north margin of the early “Tobosa
basin” (Galley, 1958, p. 423).

The Eastern shelf, too, was well developed by Late
Pennsylvanian time. Permian strata were deposited
upon a slightly southwestward-sloping surface under-
lain by Upper Pennsylvanian strata. This surface
was relatively smooth except where reefs rose above
it (Myers and others, 1956, p. 34).

INTERVAL A
FORMATIONS INCLUDED

Stratigraphic units in the west Texas Permian basin
region assigned to interval A include many composi-
tions and facies. Diversity in rock type is indicated
by the abundance of stratigraphic names used in the
region. These include the Hueco Limestone, the Dean
Sandstone, the Third Bone Spring sand, the Alta For-
mation, the Pueblo and Moran Formations, and the
lower part of the Putnam Formation of the Wichita
Group. Individual formations, such as the Wolfcamp
and some of the aforementioned units, also include
diverse rock types. Likewise in interval A are many
unnamed subsurface units of contrasting rock types
to which a Wolfcamp age is ascribed.

INTERVAL A IN THE GLASS MOUNTAINS

The Wolfcamp Formation was named for typical
exposures in the Wolf Camp Hills in the eastern Glass
Mountains, but the Gaptank Formation which under-
lies it at this locality is similar lithologically, and the
distinction between them was made on the basis of

PERMIAN SYSTEM IN THE UNITED STATES

the assumption that the faunas of the Wolfcamp
herald the beginning of the new Permian Period.
The elusiveness of this criterion is illustrated by di-
vergences in opinion and among individuals as to
where the boundary should be placed. Bose (1917)
originally called attention to the distinctive ammonites
of the Uddenites zone, which he and Udden supposed
marked the base of the formation; Beede and Kniker
(1924) later emphasized the significance of the pseudo-
schwagerinids, which occur a little higher. The Ud-
denites zone is now restricted to the upper part of
the Gaptank, and the base of the Wolfcamp in the
type area is now drawn on the basis of fusulinids
(especially the pseudoschwagerinids), with some dif-
ferences of opinion as to the exact position within a
few feet of beds.

A revision of the Wolfcamp in the Glass Mountains
was proposed by Ross (1959a, b), who divided it into
a Neal Ranch Formation below and a Lenow Hills
Formation above, with type sections established in the
central and western Glass Mountains, respectively.
In the eastern Glass Mountains the Neal Ranch corre- -
sponds virtually to the Wolfcamp Formation of cur-
rent usage, with the exclusion of the gray limestone
member at the base, and the Lenox Hills consists of
the lower few hundred feet of the unconformably
overlying Hess Limestone Member of the Leonard
Formation of current usage. In this paper, however,
the Wolfcamp Formation is used as defined by P. B.
King (1930, 1937, 1942).

In the western part of the Glass Mountains, basal
relations of the Wolfcamp Formation are markedly
different from those farther east. The formation lies
with angular unconformity on highly disturbed strata,
mapped as Gaptank Formation, some of which are
apparently only a little older than the Wolfcamp.
These were laid down on a foreland sequence of
earlier Paleozoic rocks and were overridden for many
miles by a thrust plate of the Marathon sequence of
earlier Paleozoic rocks. The Wolfcamp Formation
was deposited on the eroded edges of the thrust plate
(fig. 9).

The disturbed strata in the western Glass Moun-
tains area contain fossils of a wide variety of Penn-
sylvanian ages, but mainly Des Moines and younger
(King, P. B., 1937, p. 80-82). Recently some expo-

“sures have yielded fusulinids considered to be of
Permian age; these included Schwagerina, Pseudo-
schwagerina, and T'riticites (West Texas Geol. Soc.,
1952, p. 26-27; 1957, p. 14). Similar fossils were
reported in a well which was drilled through the
thrust plate into the overridden rocks (Hull, 1957b).
How much of the Gaptank Formation of this area is




WEST TEXAS PERMIAN BASIN REGION 31

y

103°15'

;s

30°
15/

ey

@' A

[
< CROCKETT SUTTON
N - - —
\\_""
N TERRELL \
\ T E IX\\ A S I
N VAL VERDE EDWARDS
~
BREWSTER ~ zr
A S o
- h TN = |
4 /I//) N
/ Yoy F—
2SS
TaNIAN
OO 72(\ KINNEY
\\9 V4
\ Index map showing area of detailed map in relation to orogenic
front of western part of Ouachita-Marathon structural belt. \_
] After Flawn(1959) ==
0 1 2 3 MILES EXPLANATION
L | | ) - s
Inferred fault
. Arrow shows relative
Quaternary sediments movement
—v—v
Thrust fault
= Sawteeth on upper plate. Dashed where
Permian rocks inferred
Syncline

Permian and
Carboniferous rocks xP
Fossil locality
P, in Permian rocks, mapped as Gaptank
Formation
[P, in Pennsylvantan rocks

Devonian, Ordovician,
and Cambrian rocks OP
Wells with rocks of Permian, P, or Permian
(7),P(?), age reported below thrust plates
Contact of the Quachita-Marathon structural belt

Ficure 9.—Marathon area, west Texas, showing sources of evidence for Permian age of late deformation along western front of
Ouachita-Marathon structural belt. Geology modified from P. B. King (1937).



32

Permian is undetermined, but the presence of Permian
fossils indicates that deformation in the western Glass
Mountains occurred in earliest Permian rather than
latest Pennsylvanian time.

This deformation, which occurred very early in the
Permian, may persist for considerable distances north-
east and southwest of the exposures in the Glass Moun-
tains. A well (loc. 2220, 1-450, pl. 1) drilled to the
southwest is reported to have passed through a thrust
plate of lower Paleozoic rocks into Upper Pennsyl-
vanian or lowest Permian rocks like those in wells
near Marathon (P. T. Flawn, written commun., 1960;
fig. 9, this paper). Eastward, the deformed Upper
Pennsylvanian and lowest Permian rocks may extend
under the Glass Mountains, north of the type area of
the Wolfcamp, in continuity with similar rocks of the
Val Verde trough.

PALEOTECTONIC INVESTIGATIONS OF THE

BASIN AREAS

North and east of the Glass Mountains area, thick
subsurface sequences of detrital rock, similar to the de-
formed rocks beneath the Wolfcamp Formation in the
western Glass Mountains, are also included in interval
A. These rocks, containing fusulinids commonly as-
signed to the Pseudoschwagerina Assemblage Zone, are
mainly dark-gray and brown mudstone, white to gray
quartzitic sandstone, and some tan to brown, mainly
fragmental limestone (Vertrees and others, 1959, p.
68; Soc. Econ. Paleontologists and Mineralogists, 1957,
p. 88-95).

In the central and northern parts of the Delaware
basin, rocks commonly assigned to the Bone Spring
Limestone (discussed more fully in the section on
interval B, p. 37-88) include mainly brown to dark-
brown partly argillaceous limestone, dark-gray to
brown mudstone, and white to brown medium- to fine-
grained sandstone. Much of the sandstone occurs in
three regionally extensive blanket deposits that are
locally referred to as the First, Second, and Third
Bone Spring sands (Roswell Geol. Soc., 1958; Jones,
T. 8., 1949; Vertrees and others, 1959, fig. 3).

Below the basal or 7'hérd Bone Spring sand, which is
included in interval A, the proportion of limestone in
the predominantly detrital sequence increases toward
the margins of the basins, probably by intertonguing
rather than by gradation. The proportion of sand-
stone increases southward toward the Val Verde
trough. The thick sequences of strata in the Dela-
ware basin and Val Verde trough have not been sub-
divided lithologically.

Rock types in the Midland basin are similar to
those in the Delaware basin. Here, however, the
upper part of the section, beneath the Dean Sandstone,
consists mainly of dark argillaceous locally cherty
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limestone and interbedded dark-gray to brown mud-
stone, whereas the lower part of the sequence is domi-
nantly dark mudstone and thin units of fossiliferous
limestone and fine-grained argillaceous sandstone.
Thin unnamed lithologic units can be traced within
the basin (Jones, T. S., 1949; Davis, H. E., 1953).
The proportion of limestone increases northward and
westward along the periphery of the basin.

The Dean Sandstone was named from the Gulf Oil
Corp. 1 Dean well in Dawson County, but the type
section is another well in the same county (McLennan
and Bradley, 1951). The unit occurs in most of the
Midland basin and is mainly composed of white, gray,
and brown fine-grained sandstone to siltstone but in-
cludes streaks of tan to brown to dark-gray mudstone.
It can be traced southward across the Ozona arch, or
the southern threshold of the basin, and perhaps some-
what farther.

In the Chinati Mountains in the western part of the
Marfa basin, Permian rocks occur in a few places, but
data on subdivisions are inadequate for showing thick-
ness in figure 12. Interval A includes the unfossili-
ferous mudstone and overlying sandy mudstone of the
Alta Formation (Udden, 1904) and the transition zone
of limy and sandy mudstone at the base of Udden’s
Cibolo Formation. The transition zone contains
abundant fusulinids of Wolfcamp age (Skinner, J. W.,
1940, p. 185; Rix, 1953c, p. 52).

Rocks of Wolfcamp age have also been identified in
a few wells within the Marfa basin.

SHELF AREAS

Limestone and red detrital rocks on shelf areas of
the west Texas Permian basin region contrast with
the dark-gray detrital rocks of the basin areas.

The Hueco Limestone, named for exposures in the
Hueco Mountains (Richardson, 1904, p. 32-38), crops
out extensively along the westernmost part of the
Permian basin, where it consists dominantly of lime-
stone and dolomite but includes detrital strata. The
name is now restricted to- that part of the original
formation that includes the “Hueco fauna” (King,
1934, p. 741-742). In westernmost Texas, near El
Paso, the formation consists of four members: the
Powwow Conglomerate Member, an unnamed lime-
stone member, the Deer Mountain Red Shale Member,
and an unnamed upper limestone member. Only the
lower three units are included in interval A; the
upper unit is assigned here to interval B.

Limestone is dominant in interval A on the North-
western shelf and on much of the Central Basin plat-
form (Soc. Econ. Paleontologists and Mineralogists,
1957, p. 39-44, 51-56, 63-72). The names Hueco

Limestone and Wolfcamp limestone have been applied
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to these. On the Northwestern shelf the rocks have
been subdivided into two cherty limestone units sepa-
rated by interbedded limestone and red, green, and
gray mudstone. The detrital layers thicken north-
ward, where they include sandstone; southward thin-
ning of mudstone is accompanied by a change from
red to green. The carbonate rocks also include local
dolomite along the Central Basin platform. Along
the margins of the shelf areas, medium- to dark-gray
mudstone layers intertongue with the limestone.

On some parts of the Central Basin platform, in-
terval A consists of only a thin unit informally desig-
nated as the detrital zone. It is mainly red mudstone
but locally includes poorly sorted sandstone and fine
conglomerate. On other parts of the platform, the
detrital unit underlies a thin sequence of limestone
also assigned to interval A.

On the Eastern shelf (figs. 7, 10), interval A in-
cludes the Pueblo and Moran Formations and part of
the Putnam Formation. The formations extend west-
ward into the Midland basin, where they merge into a
sequence consisting of (1) discontinuous beds of gray
mudstone, locally containing as much as 60 percent
limestone, (2) thin discontinuous beds of sandstone,
and, in some places, (3) massive limestone units (fig.
11). In parts of the Midland basin massive limestone
units occupy all of interval A.

UPPER BOUNDARY OF INTERVAL A

Lithologic contacts chosen as the top of interval A
in most parts of the west Texas Permian basin are at
or very close to the top of the Wolfcamp Series as
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determined from available fusulinid data. In parts
of the region, however, lack of data necessitates the
use of an arbitrary boundary.
BASIN AREAS

In the Glass Mountains the upper boundary of inter-
val A is at the top of the Wolfcamp Formation. Else-
where in the Val Verde area, the top of the interval is
located on the basis of scattered fossil evidence and
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on projection of lithologic units. Correlations are
especially uncertain in the southern and eastern parts
of the Val Verde trough.

The Third Bone Spring sand in the Delaware basin
has been assigned variously to the Leonard (Jones,
T. S., 1949) and the Wolfcamp (Roswell Geol. Soc.,
1958) Series but in this publication is included in
interval A. Fusulinids in limestone samples from
directly above and within the sandstone (for example,
Richardson and Bass Legg 1, Eddy County, and
Stanolind Buffalo unit 1, Lea County, N. Mex.) are
assigned (Paleont. Lab., unpub. repts.) a Wolfcamp
age, whereas fusulinids of Leonard age are reported
in limestone as low as 30 feet above the sandstone.
The top of the sandstone seems the most practicable
and recognizable lithologic contact for use as the top
of the interval, although the series boundary is some-
what higher.

Above the Dean Sandstone (fig. 11) in the west
half of the Midland basin about 200 feet of mudstone
and minor lenticular imestone underlie the Spraberry
Sandstone (McLennan and Bradley, 1951), the next
higher named unit. Throughout most of the area the
Dean Sandstone contains fusulinids of Wolfcamp age;
the Spraberry Sandstone contains fusulinids of Leonard
age. Between the Dean and Spraberry Sandstones are
sparse fusulinids which have been identified as of Leon-
ard age at some localities, and as of Wolfcamp age at
others; but most of the fusulinids are Leonard types.
The top of the Dean Sandstone has arbitrarily been
selected as the top of interval A.

The Dean Sandstone grades laterally into mudstone
and silty mudstone in the east half of the Midland
basin. The change in facies is near the west edge of
the Coleman Junction Limestone Member of the Put-
nam Formation. In a small area of overlap, this
member lies less than 100 feet above the Dean Sand-
stone (Myers and others, 1956). The base of the
Coleman Junction Limestone Member is the first per-
sistent mappable unit above the Dean in the area.
Therefore, this base is used as the top of interval A
on the Eastern shelf, although the Coleman Junction
includes Wolfcamp fusulinids and the Admiral For-
mation, above the Putnam, contains Wolfcamp am-
monites (Plummer and Scott, 1937).

In the Marfa basin, the top of interval A is drawn
at the upper limit of Wolfcamp fusulinids as reported
from wells. It is considered to be at the top of the
transition zone of the Cibolo Formation in outcrops
in the Chinati Mountains.
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SHELF AREAS

On the Northwestern shelf and on much of the Cen-
tral Basin platform, the top of the Wolfcamp Series
lies within a carbonate sequence. At numerous locali-
ties limestone referred to as the Hueco or Wolfcamp
limestone contains fusulinids assigned a Wolfcamp age
(Paleont. Lab., unpub. repts.). The relatively few
fossils found in an overlying dolomite unit are re-
garded (Roswell Geol. Soc., 1958) as of Leonard age
(for example, in Buffalo Oil 25 Baish, Lea County;
Wilshire 33-16 G. M. Cox and others, Andrews
County). The contact between the dolomite and the
limestone has therefore been used as the upper bound-
ary of interval A. In a few boreholes (such as Great
Western Drilling-Wilshire 1 Grayburg deep unit,
Eddy County), however, fusulinids of Wolfcamp age
are found in the lower part of the dolomite; also, the
dolomite locally includes some limestone near its base.
This limestone probably intertongues with the dolo-
mite, and- the contact between units is time transgres-
sive. Despite this, the limestone-dolomite contact is
used as the top of interval A.

The age of the upper part of the Hueco Limestone
has been in question in its type area in westernmost
Texas and in southeastern New Mexico (King, P. B,
and others, 1945) and elsewhere. The comparatively
young aspect of fusulinids in uppermost strata of the
unit in the Franklin and Hueco Mountains indicates
a Leonard(?) age (Ross, 1959a), although it has been
proposed that the Wolfcamp Series be redefined to
include these strata (Thompson, M. L., 1954, p. 19).
Regional stratigraphic relations are interpreted as
indicating intertonguing of the upper parts of the
Hueco Limestone and the Abo Sandstone of the Sacra-
mento Mountains. Although the relation of the up-
permost tongue of the Abo Formation to the Deer
Mountain Red Shale Member of the Hueco is disputed
(Pray, 1954, p. 101; Bachman and Hayes, 1958, p.
697), the limestone above the red mudstone of the
Abo is regarded as of Leonard age. All the Abo
along the west flank of the Sacramento Mountains is
included in interval A in this paper. Use of the top
of the Deer Mountain Red Shale Member of the Hueco
as the top of interval A seems to be consistent with
boundaries selected in adjoining parts of New Mexico.

THICKNESS TRENDS
The greatest thickness of rocks assigned to interval
A in the west Texas Permian basin region is nearly
15,000 feet (fig. 12), in the east half of the Val Verde
trough, but some Pennsylvanian rocks may be in-
cluded. The interval thins northward to less than 5,000

feet in the Midland basin and, in general, northwest-
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ward into the Delaware basin, where thicknesses ex-
ceed 5,000 feet only locally. Thicknesses on shelves
and platforms are less than 1,000 feet.

In the Glass Mountains, on the south flank of the
Val Verde trough, the exposed Wolfcamp Formation
is 250-700 feet thick; thick rocks of probable Permian
age but older than the exposed Wolfcamp Formation
are present at least locally in the subsurface. East
of the Glass Mountains, several wells along the south
edge of the Val Verde trough have penetrated rocks
that may be Pennsylvanian or Permian. No thickness
can be assigned to the Permian here, and its relation
to the folded and faulted Pennsylvanian and older
rocks of the Ouachita-Marathon structural belt (inset,
fig. 9) has not been determined. The present edge
of interval A as shown on the south side of the Val

35

Verde trough in figure 12 may be close to the dep-
ositional limit. _

The maximum thickness shown for interval A in
the southeastern part of the Val Verde trough may be
in tilted beds; farther northwest, close to the axis of
the trough where the beds are nearly flat, more than
12,000 feet is assigned to the interval. Less than 35
miles north, interval A is absent and presumed not
to have been deposited on the south end of the Cen-
tral Basin platform.

In the northeastern part of the region, interval A
thickens westward and southwestward from less than
700 feet in the outcrop belt on the Eastern shelf to
4,000 feet. West of this area, along the edge of the
Central Basin platform, the interval again thins to
less than 1,000 feet. Farther north, however, in Lub-
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bock County (fig. 4), the thickness is more than
2,000 feet near the edge of the Northwestern shelf.

Thickness of interval A in the Marfa basin is little
known, but southward thickening to more than 5,000
feet is indicated in the Chinati Mountains and in a
few wells.

Uncertainties regarding stratigraphic assignments
account for local irregularities of isopachs within the
Permian basin region, and for minor discrepancies
between maps included here and in other publications
(for example, Galley, 1958, fig. 24). In dispute, for
example, is the age of limestone in the basal part of
Permian strata on some parts of the Central Basin
platform. In western Ector County, all these strata
are assigned a Leonard age by Scobey (1951), whereas
300-500 feet of them is assigned a Wolfcamp age by
Galley (1958, fig. 24), Van den Bark (1957b, p. 233),
and Cooper and Ferris (1957, p. 360). Only the basal
part of the sequence, assigned a Wolfcamp age by
these authors, is included in interval A,

LITHOFACIES TRENDS

Interval A in the west Texas Permian basin is
dominantly limestone on platforms and shelves (ex-
cept on the Eastern shelf) and dark-gray mudstone
in the basins (King, P. B., 1942, p. 735; Galley, 1958,
figs. 25, 27). Principal tectonic elements are fairly
well outlined by lithofacies patterns (1450, pl. 3) and
would be even more prominent if red and dark-gray
mudstone were distinguished (King, P. B., 1942, figs.
26, 27).

Coarser detrital rocks—sandstone and in a few
places conglomerate—form a significant part of the
interval along the south margin of the Val Verde
trough, the west edge of the Delaware basin, and in
the northeastern part of the outcrop belt on the
Eastern shelf (fig. 10; Montague County, fig. 4).

Interval A of the Eastern shelf as a whole is domi-
nantly fine detrital rocks, but areas of dominant
carbonate rock are present here and within the mud-
stone facies of the adjoining Midland basin. Local
areas of relatively pure limestone on the shelf and in
the basin originated as reefs.

SOURCES AND ENVIRONMENTS OF DEPOSITION

Abundant marine fossils indicate that most of the
rocks of interval A in the west Texas Permian basin
are marine and represent a variety of environments.
Some deposition occurred in marginal or even con-
tinental environments. Major sources of sediments
were south, southwest, northeast, and north of the
basin; a few areas within the basin also furnished
detritus.
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SOURCES

Much mud and sand and some coarser detritus were
supplied to the Val Verde trough from the Ouachita-
Marathon structural belt to the south. Part of this
sediment was carried into the Delaware basin,. where
the amount and coarseness of sand decrease north
westward (I-450, pl. 3). The Diablo platform con-
tributed fine to coarse sediment northeastward to the
Delaware basin and southward to the Marfa basin.
Small quantities of mud moved toward the Delaware
basin from the Pedernal positive element, west of
the basin, and from more remote northwestern sources.

Arkosic sandstone, cherty conglomerate, and sandy
mudstone on the Eastern shelf, near the Texas-Okla-
homa boundary, were derived from a northeastern
uplift, possibly part of the Arbuckle Mountains posi-
tive area. Lesser source areas probably existed south-
ward along the Bend arch.

Basal red detrital deposits on the Central Basin
platform and on the Diablo plateau were derived from
underlying rocks in areas exposed to weathering dur-
ing Early Permian time.

ENVIRONMENTS OF DEPOSITION

Dark-gray or black mudstone in the Delaware basin
and Val Verde trough probably was deposited under
reducing conditions in stagnant, possibly deep water
(King, P. B., 1942, p. 737). Similar dark mudstone
is present in the Midland basin.

Although data are inconclusive, the great volume of
detrital material in the Val Verde trough may have
been deposited in deep water by turbidity currents
initiated by tectonic activity along the north front of
the Ouachita-Marathon belt. Increased amounts of
limestone in the upper part of the interval suggest
decreased depth of water in later Wolfcamp time, but
near-shore deposits have been identified in this area
only in the western Glass Mountains.

Limestones on the shelves and platforms north and
west of the Delaware and Midland basins were de-
posited in relatively shallow and well-aerated water.
Few reefs were formed, in contrast to the abundant
reefs of later Permian time, but some occur along
the basinward margins of the shelves and above reefs
of Late Pennsylvanian age, as in the Horseshoe atoll
within the Midland basin. These reefs formed in
clear, well-circulated but not turbulent water in a uni-
formly warm climate. On the shelves wedges of red
detritus thickening northward to northwestward in-
dicate rapid deposition and proximity to source areas
rather than oxidizing conditions at the site of deposi-
tion; green mudstone prevails farthest away from the
sources.
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Sedimentation on the Eastern shelf probably oc-
curred mainly in shallow marine waters or estuaries.
Fossiliferous marine mud and calcium carbonate were
deposited during recurrent inundations. Thin, coal
beds are interbedded with mudstone in some areas, and
plant debris and fossil wood occur in channel sand-
stone and conglomerate near the base of the interval.
Near the northeastern source of sediments, arkosic
sand and cherty.gravel were deposited under non-
marine conditions.

PALEOTECTONIC IMPLICATIONS

Major tectonic elements of Early Permian time in
west Texas and southeastern New Mexico (fig. 7)
were inherited from the Pennsylvanian and continued
to grow. Movements in earliest Wolfcamp time sharp-
ened the contrast between positive and negative ele-
ments, but later downwarping affected shelves and
platforms as well as troughs and basins.

The great volume of sediment poured northward
into the Val Verde trough, and the northward thrust-
ing of pre-Permian rocks near the Glass Mountains
in earliest Permian time marked the culmination of
orogeny at the south edge of the Permian basin. No
later large-scale deformation occurred in this section
of the Ouachita-Marathon structural belt. Arkose
and conglomerate throughout interval A in the north-
eastern part of the Eastern shelf imply continuing
rise of a positive area northeast beyond the shelf.
Other earlier source areas were submerged or at least
were no longer rising by late Wolfcamp time.

Through the early part of Wolfcamp time the rate
of sinking of the Delaware and Midland basins and
the Val Verde trough exceeded the rate of deposition
and produced bold submarine relief along the Central
Basin platform. The platform stood only slightly
above sea level but was uplifted sporadically, pos-
sibly in isostatic response to load-induced downwarping
in the ajdoining basins. Later downwarping spread
the sea across this region and also across the Diablo
platform and much of the Northwestern and Eastern
shelves. Alternation of marine and nonmarine strata
on the Eastern shelf indicates that the transgression
was intermittent.

INTERVAL B
FORMATIONS INCLUDED

In the west Texas Permian basin, the great range in
rock types in interval B represents marked lateral
facies changes. Some of these facies occur within
single formations, such as the Leonard in the type
area; others are differentiated by separate formation
names. Rock units in interval B are shown in table 1.

Local subsurface rock units that are referred to in-
formally under various designations (discussed below)
are included.

GLASS MOUNTAINS AREA

Exposures of the Leonard Formation in the Glass
Mountains (Udden and others, 1916, p. 51; Udden,
1917, p. 43-48; King, P. B., 1930, 1937) formed the
basis for definition of the Leonard Series (Adams and
others, 1939, p. 1675). “The Leonard formation in
the western half of the Glass Mountains is a succession
of siliceous shales, sandstone, and thin to thick inter-
bedded limestones. Eastnortheastward along the out-
crop, these interfinger with limestone reefs, which
change in turn into thin-bedded, back-reef limestones.
The reef and back-reef deposits are the Hess lime-
stone member” (King, P. B., 1942, p. 651), which
grades into mudstone, sandstone, and limestone in the
easternmost Glass Mountains. The basal part of the
Hess Member as described by King extends into the
western Glass Mountains as a partly conglomeratic
unit below the main body of the Leonard; in the
eastern mountains, the Hess is overlain by about 300
feet of strata similar to the upper part of the forma-
tion to the west. The lower 250-300 feet of the Hess
Member in the eastern Glass Mountains has been
excluded by Ross (1959a, b; 1960) from the Leonard
Formation (a rock-stratigraphic unit by original defi-
nition) because it contains Wolfcamp fusulinids, in-
cluding Pseudoschwagerina. The usage of King has
been followed in this report.

BASIN AREAS

The Bone Spring Limestone as now recognized
represents the basin facies of interval B in the Dela-
ware basin and in its southeastward extension, which
is the northwest end of the Val Verde trough. This
formation, as previously defined (Blanchard and
Davis, 1929, p. 961; King, P. B., 1948, p. 13-24),
included rocks of several facies; however, the name
is now restricted to a sequence composed dominantly
of black limestone. The Victorio Peak and Cutoff,
once considered members of the Bone Spring, consist
mainly of other rock types which are mappable and
have been raised to formation status (King, P. B., in
1-450, p. 41, 42).

Where exposed near the margin of the Delaware
basin, as in the Delaware Mountains and in the Sierra
Diablo, the Bone Spring Limestone is thin-bedded
black and dark-gray fine-grained argillaceous bitumi-
nous limestone and some dark-gray, brown, and black
mudstone, buff to light-gray sandstone, and dark chert
nodules and beds. Fossils are sparse except in some
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lenses of relatively coarse grained limestone. Unusual
primary structures, including wedge-shaped masses
with discordant bedding, and folded and contorted
bedding were described by P. B. King (1948, p. 15)
and by Newell and others (1953, p. 86-88). The
sandstone units are all less than 10 feet thick, whereas
mudstone units are as much as several hundred feet
thick.

In the Delaware basin, in outcrop and subsurface,
the formation is thicker than along the margins and
includes more detritus, particularly dark-colored mud-
stone. A few thick blanketlike sandstone units as
much as several hundred feet thick also extend
throughout the basin and form the First and Second
Bone Spring sands of local usage (Roswell Geol. Soc.,
1958). The Third Bone Spring sand, as discussed
above, is assigned in this paper to interval A.

Rocks in the Midland basin (fig. 7) assigned to
interval B are between the top of the Dean Sandstone
(McLennan and Bradley, 1951) and the base of the
San Andres Limestone. The interval thus includes
rocks equivalent to the upper part of the Wichita
Group, the Clear Fork Group, and the lower part
of the Pease River Group at the top.

Rocks equivalent to the upper part of the Wichita
Group consist of mudstone, a little sandstone and less
limestone. Beneath this unit is 200 feet of mudstone,
assigned to interval A. Sandstone is confined to the
Spraberry Sandstone of McLennan and Bradley
(1951). The Spraberry comprises two sandstone
members, each about 300 feet thick, separated by
about 250 feet of interbedded dark-gray and brown
calcareous mudstone and muddy limestone. The sand-
stone members are very fine grained sandstone and
siltstone with much interbedded dark-gray and brown
limestone and dark-gray to black mudstone. The
upper and lower sandstone members of the Spraberry
may be equivalent to the First and Second Bone
Spring sands in the Delaware basin (McLennan and
Bradley, 1951, p. 907), but their only physical con-
nection would be in the Sheffield channel, where inter-
val B is sandy throughout.

From the south end of the Midland basin, the thin
unnamed mudstone at the base of interval B and the
overlying Spraberry Sandstone extend across the
Ozona arch, but they lose their identity on the north
flank of the Val Verde trough, and rocks of interval
B are undivided beyond.

Rocks in the Midland basin equivalent to the Clear
Fork Group are mainly limestone and dolomite.
Lenses of mudstone and sandstone occur, especially
toward the base, and in places all the unit is sandstone.
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The uppermost part of interval B in the Midland
basin is mainly carbonate, but the “Glorieta Sand-
stone” of subsurface usage forms lenses in the upper
part and is probably equivalent to the lower part of
the Pease River Group.

The Briggs Formation (Albritton, 1938, p. 1753—
1757), here assigned to interval B, occurs in the
Malone and Quitman Mountains (Marfa basin area)
of south-central Hudspeth County. It is composed
mainly of anhydrite and gypsum but includes gray
to black and buff limestone and dolomite in single
laminae or in thick beds.

Other rocks of Leonard age (Albritton and Smith,
1965), assigned to interval B, are in the Finlay Moun-
tains, about 8 miles to the north and across a thrust
fault. These rocks comprise mainly conglomerate,
mudstone, and marlstone but include limestone and
dolomite.

In the Chinati Mountains of Presidio County, inter-
val B consists of the Cibolo Formation (Udden, 1904,
p. 18-21), excluding the basal zone of Wolfcamp age.
At the northwest end of the mountains, in the Pinto
Canyon area, rocks of interval B occur in the lower
part of the Pinto Canyon Formation (Amsbury,
1958). Rocks of interval B have also been identified
in a few drill holes in the Marfa basin.

MARGINAL BELTS

Along the margins of the Delaware basin, the upper
part of the Bone Spring Limestone grades laterally
into the Victorio Peak Limestone (King, P. B., 1965).
Its marginal facies is light-gray thick-bedded fossili-
ferous limestone, with some chert and sandstone. This
. passes shelfward into thin-bedded sparsely fossiliferous
dolomite.

The lower part of the Bone Spring Limestone, like
the upper, grades laterally into thick-bedded gray
limestone along the margins of the basin. Well dis-
played in exposures in the Sierra Diablo, the gray
limestone differs somewhat from rocks in the Victorio
Peak Limestone and overlaps unconformably on the
Hueco Limestone (King, P. B., 1965).

Along the basin margin the Victorio Peak Limestone
is succeeded by the Cutoff Shale, here included in
interval B although its age is in doubt. The Cutoff
includes thin-bedded platy gray to black limestone,
brown siliceous or sandy mudstone, and thin-bedded
fine-grained sandstone (King, P. B., 1965).

Units in the Midland basin sequence grade laterally
northward and westward into almost pure limestone
and dolomite along the peripheries of the Central

Basin platform and the Northern shelf.
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SHELF AREAS

Away from the Delaware basin, rocks of interval
B grade laterally into light-colored dolomite. On the
Northwestern shelf and on the Central Basin plat-
form the dolomite is almost 3,000 feet thick with a
few thin sandstone units. A tripartite unit, referred
to locally as the “Glorieta” or “San Angelo Sand-
stone,” forms the top of interval B and consists of
two sandstone layers, separated by dolomite. The
name “San Angelo” has been applied (Jones, T. S.,
1953, p. 37) to the whole unit and the name “Glorieta”
restricted to the upper sandstone layer. Use of either
name is of doubtful validity; the type Glorieta Sand-
stone in central New Mexico pinches out and does not
extend into southeastern New Mexico, and the lateral
continuity with the San Angelo has not been proved.

Somewhat below the middle of the dolomite sequence
is an extensive but thin sandstone bed, variously called
the Tubb sand, the Fullerton sandstone (Moore, J. H.,
1944, p. 1542), and the Drinkard Sandy Member of
the Yeso Formation (King, R. E., 1945, p. 13; Jones,
T. S., 1953, p. 34).

Application of the name “Clear Fork Group” is
extended from the Eastern shelf (discussed below) to
the Central Basin platform and to the Northwestern
shelf, where it is applied to dolomite below the tri-
partite unit, both above and below the Tubb, Fuller-
ton, or Drinkard. However, the name Yeso, derived
from the northwest in central New Mexico, has been
considered more suitable (King, R. E., 1945, p. 12).
The dolomite resembles neither the type Clear Fork,
nor the type Yeso, both of which are much more
varied. The lower part of the dolomite sequence has
been called the “Wichita Group” and the “Abo Forma-
tion”; the boundary between this part and the beds
above is indefinite and commonly selected on electric
logs. Where the name “Wichita Group” is used for
rocks of the lower part of interval B, it is not com-
monly applied to the Walfcamp rocks beneath, al-
though the group includes both Wolfcamp and
Leonard rocks in the type area.

The lower part of the shelf and platform sequence
grades northward from almost pure dolomite into
gray and green mudstone and finally into red mud-
stone with interbedded anhydrite, dolomite, and a little
sandstone. This has been called the “Abo Formation”
although it is clearly separated from and is strati-
graphically higher than the type Abo. The upper
part of the sequence also grades northward into red
mudstone, sandstone, and anhydrite assigned to the
Yeso Formation. The sandstone units in the domi-
nantly dolomite sequence described above have been
interpreted as detrital tongues of the Yeso Formation.

On the Eastern shelf, the Wichita Group contains
the following, in descending order:

Lueders Limestone

Clyde Formation

Belle Plains Formation
Admiral Formation

Putnam Formation (in part)

The cherty Coleman Junction Limestone Member is
the only part of the Putnam Formation included in
interval B, although it is of Wolfcamp age. The base
of the Coleman Junction has been used as the base of
interval B because it is the only consistently recogniz-
able horizon in this part of the sequence. The Ad-
miral Formation is mainly gray mudstone and cherty
limestone with some dolomite. The Belle Plains,
Clyde, and Lueders Formations are dominantly car-
bonate with minor gray mudstone.

The overlying Clear Fork Group has been divided
into the following, in descending order:

Choza Formation
Vale Formation
Arroyo Formation

The Choza and Vale Formations are mostly red mud-
stone with anhydrite, some dolomite, and lenses of
sandstone. The lower half of the Vale is mostly red
mudstone, The Arroyo Formation is mostly dolomite
with gray and red mudstone, lenses of sandstone, and
some anhydrite near the base.

The San Angelo Sandstone, an approximate lateral
equivalent to the “Glorieta Sandstone,” belongs to
the- lower part of the Pease River Group. It is a
sequence of conglomerate, sandstone, and brightly
colored mudstone. The upper part of the Pease River
Group or “Blaine of Texas” (included in interval B
east of the arbitrary red line of 1450, pl. 4) consists,
in ascending order, of (1) varicolored mudstone and
dolomite, (2) dolomite, gypsum, mudstone, and cal-
careous sandstone or siltstone, and (3) red mudstone,
anhydrite and gypsum, and dolomite. This upper
part of the Pease River is equivalent to the Flowerpot
Shale, Blaine Gypsum, and Dog Creek Shale of the
El Reno Group in Oklahoma to the north.

These units of the Eastern shelf are not recogniza-
able in the subsurface of the Midland basin because

of changes in facies.
UPPER BOUNDARY OF INTERVAL B

The top of interval B coincides approximately with
the boundary between the Leonard and Guadalupe
Series. As equivalents of this series boundary are
difficult to recognize in the west Texas Permian basin,
there are some discrepancies in the top of the interval
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as used here. Part of the difficulty results from ap-
parent discrepancies between stratigraphic ranges of
different fossils.

GLASS MOUNTAINS AREA

The top of interval B in the Glass Mountains
is at the conformable contact between the Leonard
Formation and the overlying Word Formation. The
Word is assigned a Guadalupe age, with recognition
of the possibility that the first (basal) limestone mem-
ber of the formation may be older than the basal part
of the Delaware Mountain Group (Guadalupe Series)
farther north. The upper boundary of the Leonard
Formation approximates the upper limit of the zone
of Parafusuline in its small and intermediate forms,
which contrast with larger Guadalupe forms in the
Word, and the zone of the ammonoid Perrinites hilli.
Perrinites hilli, however, extends into the first lime-
stone member of the Word, as does the Leonard
brachiopod Dictyoclostus basss.

BASIN AREAS

In the subsurface of most of the Delaware basin,
the boundary between the Delaware Mountain Group
above and the Bone Spring Limestone below is sharp
and easily recognized, and hence serves as the top of
interval B. Some wells, however, penetrate a 400-
foot-thick sandy unit above the Bone Spring Lime-
stone which contains fusulinids of Leonard age
(Amerada Petroleum Corp. 2 Record in Lea County,
Paleont. Lab., unpub. rept., 1954). Either the Leo-
nard fusulinids in the sandstone may have been
redeposited in sediments of Guadalupe age, or the
upper part of the Bone Spring Limestone grades into
rocks similar to the Delaware Mountain Group. The
first alternative seems the more likely, and the litho-
logic boundary is used as the top of interval B.

In exposures in the Delaware Mountains, in the
northern part of the Delaware basin, the top of inter-
val B is also placed between the Bone Spring Lime-
stone and the Delaware Mountain Group. At the base
of the latter is the Pipeline Shale (Warren, 1955, p.
11) Member of the Brushy Canyon Formation, for-
merly correlated with the Cutoff Shale northwest of
the Bone Spring flexure.

In the basin area north of the Glass Mountains, the
top of interval B is placed at the top of the Bone
Spring Limestone where recognizable, and farther
southeast the boundary is determined on the basis of
fusulinids, where these have not been destroyed by
dolomitization.

Along the western part of the Midland basin are
several thick bodies of sandstone in different parts of
the sequence. Sparse fusulinids indicate that all the
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sandstone bodies at some localities are of Guadalupe
age, but at other localities, the lower sandstones are
Leonard. Some anomalous features of isopachs in
figure 13 may arise from inconsistent correlations in
this area.

In the eastern part of the Midland basin, the upper
boundary of interval B has been placed at the base
of the San Andres Limestones, considered the basal
unit of interval C.

South of the Midland basin and the Eastern shelf,
in the eastern part of the Val Verde trough, the bound-
ary between intervals B and C is arbitrary; but
toward the east all of interval C has been removed
by pre-Cretaceous erosion. Westward across the
north side of the trough the dominant mudstone has
been included in interval B, and the overlying domi-
nant carbonate is assigned to interval C. In a few
wells this division is confirmed by occurrence of
Leonard and Guadalupe fusulinids.

The location of the upper boundary of interval B
is very uncertain in the Sheffield channel, southeast
and south of the Central Basin platform. Limited
fusulinid evidence suggests, however, that the lower
part of the channel sandstone is Leonard in age.

In the Chinati Mountains, in the Marfa basin, the
top of interval B is the contact between the Cibolo and
Ross Mine Formations. In the northwestern part of
the mountains, the Pinto Canyon Formation is of both
Leonard and Guadalupe age.

In the Malone and Finlay Mountains in westernmost
Texas, the Briggs Formation and other beds of
Leonard age are well dated and are overlain by
Mesozoic rocks; no strata of Guadalupe age seem to
be preserved.

MARGINAL BELTS

Along the margins of the Delaware basin, the top
of the Victorio Peak Limestone, or Cutoff Shale where
present, is the top of interval B. In subsurface along
much of the periphery of the basin, however, car-
bonate at the top of the Victorio Peak Limestone is
difficult to distinguish from similar carbonate of
Guadalupe age, except where fusulinid data have been
reported by the Paleontological Laboratory.

SHELF AND PLATFORM AREAS

On the shelves and platforms, away from the mar-
gins of the Delaware basin, the top of interval B is
at the contact between the “Glorieta” or “San Angelo
Sandstone,” of subsurface usage, and the overlying
San Andres Limestone.

The age of the San Andres Limestone and its
stratigraphic relation to rock units in other regions
have long been controversial. As the limestone con-
tains Perrinites hilli and seems to be a lateral equiva-
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lent of the Kaibab Limestone, the San Andres has
been assigned a Leonard age by many geologists.
The presence in the San Andres of Parafusulina rothi
and the presumed lateral continuity of the “Blaine
of Texas” with the San Andres on the other hand,
have led other geologists to assign both the San
Andres and the “Blaine” a Guadalupe age.

Recent studies in southeastern New Mexico (Boyd,
1958, p. 74-79; Hayes, 1964) has shown that much
of the San Andres Limestone is laterally continuous
with the sandstone tongue of the Cherry Canyon
Formation; hence, part of the San Andres is equiva-
lent to the lower part of the Delaware Mountain
Group (Guadalupe age). Lower strata of the San
Andres, on the other hand, are equivalent to the Cut-
off Shale (age uncertain) and possibly to the upper-
most beds of the Victorio Peake Limestone (Leo-
nard age). The Guadalupe-Leonard Series boundary
(Boyd, 1958, p. 67), therefore, probably lies a little
above the base of the San Andres Limestone. As no
lithologic basis is evident for separating the basal
part from beds of Guadalupe age, all the San Andres
Limestone in the west Texas Permian basin region
is here assigned to interval C.

The age of the Cutoff Shale is equivocal. The unit
contains fusulinids of Guadalupe age (Warren, 1955,
p. 12), and ammonoids of Leonard age (Boyd, 1958, p.
59). Moreover, its stratigraphic relation to well-
dated units is uncertain (King, P. B., 1965). The
Cutoff is included here with rocks of Leonard age, and
its top is used as the top of interval B.

The San Andres Limestone as used on the Central
Basin platform is probably more inclusive than at
the surface west of the Delaware basin; the upper
boundary of the formation, in particular, is not
consistently chosen. Fossils are scarce in the domi-
nantly dolomite unit. Nevertheless, available data
suggest that the Guadalupe-Leonard Series boundary
is not far from the base of the San Andres Limestone
on the east side of the Central Basin platform. As
the base of the formation is a relatively sharp and
easily recognized lithologic contact, it is used as the
top of interval B.

Along the Eastern shelf, east and northeast of an
arbitrary line shown in red on plate 4 of 1-450, the
upper boundary of interval B is placed at the top
of the Pease River Group and is equivalent to the
boundary at the top of the El Reno Group in
Oklahoma.

Along the outcrop on the Eastern shelf (fig. 10),
rocks of the Trinity Group (Lower Cretaceous) and
the Seymour Formation (Quaternary) locally rest on
interval B.

THICKNESS TRENDS

Maximum thicknesses of interval B in the west
Texas Permian basin region exceed 4,000 feet and
occur in two northward-trending belts along the east
and west margins of the Delaware basin and in the
southern part of the Midland basin (fig. 13). FElse-
where in these basins the rocks are 3,000 feet thick
or less.

In the shelf area west and north of the Delaware
basin, thicknesses exceed 3,000 feet, and along north-
ward- and eastward-trending belts in Eddy and Lea
Counties, N. Mex., near the periphery of the basin,
they are more than 3,500 feet. These belts coincide
with the “Abo reef trend” recently drilled for oil.
West of the northward-trending belt, interval B is
thin because of recent erosion.

Near the southwest side of the Delaware basin,
along the southwest boundary of Reeves County, ir-
regularities in thickness reflect tectonic control in a
northwest-trending belt that includes the Victorio
flexure and the Hovey anticline (King, P. B., 1942,
p. 723). Isopachs in this area may not be accurate
because of sparse control.

More than 4,000 feet of interval B occurs in the
south-central part of the Midland basin. This area
is elongated northward and has two conspicuous ex-
tensions to the north and northwest. Other areas of
notable variations in thickness occur in the western
and northwestern parts of the Midland basin.

Rocks of interval B thin from the Midland basin
to less than 2,000 feet on the Eastern shelf, partly as a
result of erosion.

In the Val Verde trough interval B varies only
moderately in thickness (average 2,000-3,000 ft.), in
contrast with the extreme variations in underlying
interval A. Somewhat greater thicknesses occur
along the southwest edge of the Central Basin plat-
form, south of the Sheffield channel, and south of the
Midland basin in western Schleicher and Sutton Coun-
ties. Pre-Cretaceous erosion has truncated the inter-
val to the south and east.

In the Marfa basin the maximum thickness assigned
to the interval is about 2,300 feet. This thickness
was penetrated in a well in the northeastern part of
the area.

LITHOFACIES TRENDS
Lithofacies patterns of interval B (I-450, pl. 4;
King, P. B., 1942, p. 739, 742) coincide closely with
broad tectonic elements. Carbonate rocks dominate
on shelves northwest, west, and south of the basins
and on the Central Basin platform. Detritus is more
abundant than carbonate in the Delaware and west-
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Ficure 13.—Thickness of interval B in west Texas and southeastern New Mexico.
Isopachs dashed where control is poor, dotted where Permian rocks have not been penetrated by drill.

Isopach intervals 500 and 1,000 feet.
Dark pattern,

areas where rocks older than Permian are exposed; light pattern, areas where rocks younger than interval B have not been

penetrated.

ern Midland basins, along the east margin of the
Midland basin, and northward toward the Texas
Panhandle and northeastern New Mexico.

Detrital components in the basins are dominantly
dark-gray, brown, and black mudstone and light-
colored sandstone. Detritus of the north and east
margins of the region, however, consists mostly of
red mudstone, with some sandstone, and, in the north,
some anhydrite.

Within the Delaware basin, detrital components of
the interval are greater toward the south but are
dominantly mudstone, whereas they change to sand-

stone northward. Similar trends are evident in the
detrital components of the western Midland basin.
About half the Midland basin and Eastern shelf
area is occupied by carbonate rock together with vari-
ous amounts of mudstone and sandstone. In the
northeastern part of the Eastern shelf, mudstone and
interbedded sandstone grade southwest and west into
mudstone, which grades progressively toward the
Midland basin into carbonate rock. The contrast be-
tween the carbonate facies of the basin and the detrital
facies of the shelf is accentuated by the inclusion,
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east of the red line on plate 4 of 1-450, of the upper
part of the Pease River Group (“Blaine of Texas”).

Along the south margin of the Permian basin, in
the Val Verde trough, lithofacies trends of interval B
contrast sharply with those of interval A. Carbonate
rock of interval B extends across much of the trough
where detrital strata predominate in interval A. The
apparent transition eastward from carbonate to detri-
tal facies on the map is largely a result of pre-
Cretaceous truncation. Between the carbonate rock
of the Southern shelf and the Central Basin platform,
a narrow band of mudstone and sandstone marks the
Sheffield channel.

Lithofacies trends in the Marfa basin cannot be
plotted from the data available.

Lithofacies patterns used (I-450, pl. 4) do not show
differences between red and dark-colored mudstones,
or distinguish limestone from dolomite. A map show-
ing the limestone-to-dolomite ratio of interval B in
the Permian basin region (pl. 24) depicts the major
tectonic elements somewhat more sharply. Dolomite
dominates on the shelves and platform, whereas lime-
stone is the main carbonate component in the basins.
The margins between the basins and the shelves are
belts of intermixing close to the line where the ratio
of limestone to dolomite is 1:1. Also well shown on
the map are the Sheffield channel south of the Central
Basin platform and the Hobbs channel separating the
platform from the Northwestern shelf.

SOURCES AND ENVIRONMENTS
Strata of interval B in the Permian basin were
largely deposited under marine conditions; however,
some strata were formed in restricted-marine or mar-
ginal environments. The great range in marine rock
types probably reflects differences in depth of water,
circulation, and the amount of detritus.

BASIN ENVIRONMENTS

Poor circulation and fairly deep water deficient in
oxygen are inferred for the Delaware basin because
of the abundance of organic matter (accounting for
dark colors), the paucity of fossil remains except for
a few free-swimming forms, the preservation of fragile
fossils and thin laminae, and the abundance of pyrite
(King, P. B., 1948, p. 26; Newell and others, 1953,
p. 49-57, 190, 197-199). Rather deep water is further
indicated by submarine slopes needed to account for
slump structures in the Bone Spring Limestone along
the basin margin (Newell and others, 1953, p. 86-89).
The great extent of laminae and wide distribution of
sponge spicules may have resulted from deposition by
turbidity currents associated with the submarine slides

(Newell and others, 1953, p. 197; Rigby, 1957). Dur-
ing Leonard time the Delaware basin may have been
about 500 feet deep (Newell and others, 1953, p. 190).

Rock types in interval B in the western part of
the Midland basin are similar to those of the Delaware
basin; hence, depositional conditions may have been
similar.

In the central part of the Val Verde trough, at least
in later Leonard time, current-borne detritus was ap-
parently mixed with carbonate deposits in the narrow
Sheffield channel, between areas of nearly pure car-
bonate accumulation on the Southern shelf and on
the Central Basin platform.

The range in rock types in interval B in south-
central Hudspeth County suggests diverse conditions
of deposition in the northern part of the Marfa basin.
The dominant detrital components and the presence of
cut-and-fill structures, slump structures, and contorted
bedding in exposures in the Finlay Mountains indicate
submarine slides from the southwest flank of the
Diablo platform into the Marfa basin (Albritton and
Smith, 1965). The Briggs Formation exposed in the
Malone Mountains, on the other hand, probably “was
deposited as a result of recurrent partial evaporation
of lagoonal waters largely cut off from an open sea
which lay a few miles to the north during Leonard
(Permian) time” (Albritton, 1938, p. 1757). The
evaporite sequence has been thrust from its site of dep-
osition northeastward toward the Finlay Mountains
for a distance of at least 15 miles (Albritton and
Smith, 1965).

In the northwestern Chinati Mountains in northern
Presidio County, the Pinto Canyon Formation (lower
part) is mainly thin- to medium-bedded chert and
limestone, interbedded with units of thin mudstone
and fossil debris; part of the Pinto Canyon includes
large blocks of chert and limestone interpreted as
submarine slide blocks (Amsbury, 1958) and sug-
gestive of platform-margin conditions similar to those
inferred in the Finlay Mountains. Toward the south-
east, the Cibolo Formation consists .of thin-bedded
limestone, mudstone, and sandstone, overlain by mas-
sive dolomitic limestone that suggests a reef deposit
(Rix, 1953a, b, ¢) ; to the north, the interval consists
of mudstone, sandy mudstone, and lenses of coarse
sandstone, overlain by thin limestone (King, R. E.,
1930, p. 17; Rix, 1953a, b, ¢), which may extend shore-
ward from the reef. Relations between depositional
environments represented by rocks in the several
outcrop areas of the Chinati Mountains and in the
adjoining deep-water Marfa basin are not fully
understood.
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MARGINAL REEF AND BANK ENVIRONMENTS

Water along the margins of the Delaware basin was
probably shallow, clear, well aerated, and favorable to
the proliferation of life, as indicated by abundant
fossil remains (King, P. B., 1948, p. 27).

The Victorio Peak Limestone, in the upper part of
interval B, formed as a limestone bank deposit rather
than as a reef. No reef-forming organisms occur
in place; there is no reef talus; and textures and
primary structures suggest bank sedimentation (Ne-
well and others, 1953, p. 94-95). Comparable rocks
probably formed along most of the margins of the
Delaware and Midland basins, although reefs may
have grown locally in these areas.

The origin of some rocks in the lower part of inter-
val B in marginal areas of the basin is not yet known.
Rocks along the north and northwest margins of the
basin are commonly referred to as the “Abo reef,” but
data on their lithologic character and texture have
been made available only by very recent drilling and
have not yet been described and evaluated.

Depositional patterns of interval B along the south-
ern part of the west Texas Permian basin region were
notably different from those of interval A. The in-
crease in area of carbonate deposition across part of
the axial trend of the older Val Verde trough pre-
sumably resulted from reduced elevation and perhaps
greater distance of sources of detritus in the Marathon
folded belt. Clear evidence of the lateral sequence of
depositional environments is available only near the
Glass Mountains. Here the sequence included (1)
basin deposits typical of the Bone Spring northwest
of the mountains, (2) basin margin deposits of sili-
ceous mudstone, sandstone, and thin limestone beds in
the western. Glass Mountains, (3) reefs in the massive
limestone of the central part of the mountains, (4)
back-reef thin-bedded dolomitic carbonate rocks and
interbedded detrital deposits of the eastern mountains,
and (5) marginal deposits of intertonguing red and
green mudstones and back-reef carbonate rocks.

SHELF AND PLATFORM ENVIRONMENTS

Interval B on the shelves and platform consists
almost entirely of light-colored dolomite and a few
thin extensive sandstone units. As these rocks are
nowhere exposed, their primary structures and tex-
tures cannot be studied. They grade northward and
northwestward into the “Abo” and Yeso sequence,
which includes abundant anhydrite and red mudstone,
as well as some sandstone and some salt. The abun-
dance of evaporites to the north suggests that dolomite
may have been the initial deposit of saline waters
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controlled by a belt of shoaling along the basin
margins. As the waters flowed down the shelfward
slope, away from the shoals, into extensive lagoonal
areas, they probably became supersaline (Newell and
others, 1953, p. 122).

The upper part of interval B on the Eastern shelf
was probably a deltaic and estuarine deposit. In the
south, in Foard County (fig. 4), copper ore in the
San Angelo Sandstone “is associated in its main ag-
gregations with fossil wood and plants, which are
largely charcoal-like masses of trunks and stems”
(Beede and Christener, 1926, p. 38). The fossil plants
are in aggregates or “drifts,” which are suggestive
of waterborne accumulation.

Ammonites occur in dolomite in the upper part of
the Pease River Group (assigned to interval B east
of the arbitrary red line on pl. 4 of I-450) according
to Clifton (1944). The upper part of the group con-
sists of red beds, dolomite, and anhydrite and prob-
ably represents mostly a near-shore shallow-water
deposit, formed during alternating periods of normal
sea stand, restricted circulation and, possibly,
emergence.

Anhydritic dolomite and red mudstone in the Clear
Fork Group on the Eastern shelf suggest deposition
in an environment of shallow water, periodic emer-
gence, and an arid climate.

SOURCES OF DETRITUS

The source of detritus in the Delaware Basin is
not established. The high proportion of sandstone in
the northern part of the basin suggests a northern
source. On the other hand, the increase southward
in the ratio of all detritus to carbonate rock (I-450,
pl. 4), and the presence of coarse sandstone and con-
glomerate in the Glass Mountains area, suggest sources
in the opposite direction, possibly related to uplifts
such as that of the Marathon folded belt (King, P. B.,
1948, p. 26). Northern sources may well have been
as far distant as the ancestral Rocky Mountains
(Newell and others, 1953, p. 60).

Most detritus in interval B in the eastern part of
the region probably came from the northeast. Sand-
stone within dolomite and limestone in a southeast-
trending belt in the northwestern part of the Midland
basin suggests a secondary source to the northwest.
Derivation of detritus in the Midland basin from the
north is supported by northward coarsening of sand
grains in the Spraberry Sandstone. Moreover, the
increase of detrital rocks in the southeastern part of
the basin suggests a minor southern or eastern source.
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Tracing of the coarse siltstone of the Spraberry south-
ward from the Midland basin indicates that part of
the detritus of interval B entered the southeasternmost
part of the west Texas Permian basin from the north.

Carbonate deposition of the Southern shelf prob-
ably did not reach the eastern part of the Val Verde
area. Even allowing for erosional beveling of the
upper surface of interval B in the south and east, it
seems likely that a southern or southeastern source
area persisted through the greater part of Leonard
time.

Silt and sand of the Sheffield channel may have
come through the Hovey channel, west of the Glass
Mountains, from undetermined southern sources, or
they may have come in part through still-undiscovered
current channels across the Southern shelf.

PALEOTECTONIC IMPLICATIONS

The west Texas Permian basin was relatively quies-
cent during Leonard time. Most major tectonic ele-
ments evident earlier in Permian time continued to
influence sedimentation. High relief (mainly sub-
marine) along the margins of the Delaware basin and
the west side of the Midland basin was inherited from
earlier structural features but was maintained by
sedimentation rather than by differential tectonic
movement.

The relative uniformity of thicknesses of interval B
(1450, pl. 15, section Q-Q’), despite marked facies
changes across shelves and basins, is significant when
contrasted with the great increases in thicknesses from
shelves to basins in other intervals (1450, pls. 3, 5).
Despite submarine relief along the margins of the
Delaware basin, basin deposits are not inordinately
thicker than shelf deposits. Indeed, interval B is
thicker on parts of the Northwest shelf than in parts
of the adjoining basin. Comparable shelf and basin
facies are evident in intervals A and C, yet basin
strata of these intervals are notably thicker than
shelf deposits. The present thicknesses in interval B
can scarcely have been determined by differences in
compaction between muddy limestone (Pray, 1960)
of the basin and carbonate rock of the shelf.

Available evidence suggests that much of the west
Texas Permian basin subsided rather uniformly dur-
ing Leonard time. Marked bottom relief was main-
tained by rapid deposition of carbonate rocks on the
basin margins while the basin was semistarved, or at
least not well nourished. Although the basin was
large and continually sinking, the detritus furnished
was insufficient to fill it, and therefore it was main-
tained by regional and not differential subsidence.
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No major deformation or uplift of positive areas
occurred in nearby regions during Leonard time.
Orogeny in the Ouachita-Marathon belt had ceased
although this belt probably had sufficient relief to
continue to supply detritus northward (King, P. B.,
1948, p. 26). Local uplifts are suggested by the
conglomerates of the Leonard Formation in the Glass
Mountains. The extension of limestone and dolomite
across a shelf, forming part of the area of deep sub-
sidence of the earlier Val Verde trough, implies a
marked decrease in disturbance south of the west
Texas Permian basin.

Other large positive elements, such as the Central
Basin platform and the Pedernal positive element,
exposed to weathering during parts of Wolfcamp
time, were buried by sediments by Leonard time.
The great extent of rocks assigned to interval B
suggests that detritus must have been derived from
distant sources such as the ancestral Rocky Mountains.

Formation of the Bone Spring flexure late in
Leonard time is supported by stratigraphic data
(King, P. B., 1948, p. 18-19; Newell and others, 1953,
p- 22, fig. 10). The Victorio and Babb flexures,
farther south, are also believed to have been active
at this time (King, P. B., 1965).

In the Eastern shelf-Midland basin area, sediments
formed in a subsiding region; greatest subsidence was
in the south-central part. The center of accumulation
had migrated 40-50 miles south from that of interval
A. The distribution of relatively coarse textured
detrital rocks implies simultaneous emergence of a
landmass to the northeast and small areas to the south.

The Marfa basin in westernmost Texas apparently
continued to be a negative element through Leonard
time, but its form and extent are unknown. Detrital
rocks of interval B in the Chinati Mountains indicate
a source area that was probably residual from earlier
uplift in the southern part of the Diablo platform.
Reef and slump deposits, suggesting a seaward slope,
indicate a south or southwest edge of the platform and
imply an adjoining basin.

Evidence for a northern arm of the Marfa basin
west of the Diablo platform (I-450, pl. 4), is found
only in rocks of Leonard age. Remnants of these
rocks on the northern part of the platform suggest
that the area was covered by marine sediments during
Leonard time. The southwestern limit of the northern
arm of the basin may have been along the present
course of the Rio Grande (Albritton and Smith, 1965).
The negative element represented by the Marfa basin
may have extended southwestward into Mexico, as
suggested by the presence of rocks of Leonard age
in the Placer de Guadalupe area.
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INTERVAL C-D

Aggregate thicknesses of intervals C and D are
shown in figure 14, although the intervals are dis-
cussed separately below.

INTERVAL C
FORMATIONS INCLUDED

Interval C in the west Texas Permian basin region
includes the Delaware Mountain Group in the Dela-
ware basin and all rock units believed to be laterally
equivalent to or correlative with this group. Dis-
crepancies arising from possibly inconsistent recogni-
tion of the base of the interval are discussed elsewhere
(I-450, p. 81).
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BASIN AREAS

Exposures of the Delaware Mountain Group con-
sist mainly of sandstone but include dark mudstone,
limestone, chert, and a few bentonite beds. The
Brushy Canyon Formation at the base differs from
the overlying Cherry Canyon and Bell Canyon Forma-
tions in coarser texture, absence of rocks other than
sandstone, and in its primary structural features.
These features include cross stratification in the beds
of medium-grained sandstone, oscillation ripple marks,
and oriented fusulinids, all indicative of agitated
water (King, P. B., 1948, p. 81); strata in the over-
lying formations are fine-grained sandstone to silt-
stone and are mainly very thinly laminated (p. 34,
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Ficure 14.—Thickness of interval C-D in west Texas and southeastern New Mexico.
dashed where control is poor, dotted where Permian rocks have not been penetrated by drill.
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Dark pattern, areas where

rocks older than Permian are exposed; light pattern, areas where rocks younger than interval C-D have not been
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54). The Pipeline Shale (Warren, 1955, p. 11) is
now regarded as a basal member of the Brushy Can-
yon Formation (King, P. B., 1965) and is assigned to
interval C. The Brushy Canyon Formation termi-
nates as a wedge along the Bone Spring flexure. The
lower part of the Cherry Canyon extends across it
well into the shelf area; the upper part of the Cherry
Canyon and the Bell Canyon intertongue laterally
with reef deposits along the margin of the basin.

All three formations of the Delaware Mountain
Group grade into finer grained sandstone and silt-
stone in the subsurface; dark-gray, brown, and black
mudstone and argillaceous limestone are also more
abundant than in exposures along the flank of the
basin. However, the three formations or their in-
ferred equivalents have been identified in a few deep
boreholes along the southeastern part of the Delaware
basin, north of the Glass Mountains. Relatively few
boreholes have been drilled much below the Lamar
Limestone Member near the top of the Bell Canyon
Formation.

MARGINAL BELTS

The upper two formations of the Delaware Moun-
tain Group change westward into reef facies which
form the Goat Seep and Capitan Limestones. Similar
carbonate rocks, mainly dolomite, occur in subsurface
around almost the entire periphery of the Delaware
basin and, in the lower part of the interval, along the
west margin of the Midland basin. A distinction be-
tween reef, reef talus, and other varieties of marginal
deposits is difficult to make on the basis of data from
most boreholes. Also, the base of the Capitan Lime-
stone is difficult to recognize where the unit rests on
older carbonate rocks. Nevertheless, reefs are inferred
to be present between the southwest margin of the Cen-
tral Basin platform and the Glass Mountains.

Thick massively bedded carbonate rocks along the
margins of the basins grade shelfward into thin-
bedded dolomite. Units assigned to interval C along
the shelves include the San Andres Limestone, the
Grayburg and Queen Formations, and rocks formerly
assigned to the Carlsbad Limestone or Group but now
included in the upper part of the Artesia Group (Tait
and others, 1962). Farther shelfward, strata in the
upper part of the interval include detrital and evapori-
tic rocks. Belts parallel to the margin or reef front
of the western Delaware basin are formed of successive
facies of (1) dolomitized coquina and calcarenite, (2)
pisolites, (3) fine-grained dolomite, (4) evaporites,
and (5) terrigenous red detritus (Newell and others,
1953, p. 46).
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Interval C in the Glass Mountains includes the
Word Formation of early Guadalupe age and the
Altuda Formation, Capitan Limestone, and Gilliam
Limestone of later Guadalupe age (King, P. B., 1942,
p. 654-662). In the western part of the mountains,
the Word Formation is composed of about 1,000 feet
of siliceous mudstone, sandstone, and thin-bedded
limestone, with a persistent basal (first) limestone
member. Eastward the mudstone intertongues with
limestone beds and with an upper massive reef unit,
the Vidrio Limestone Member, so that in easternmost
exposures the formation is nearly all cherty dolomite.

Formations in the upper part of the Guadalupe
Series in the Glass Mountains are facies units, com-
parable to facies of the underlying Word. Siliceous
mudstone and sandstone of the Altuda Formation con-
stitute a basin-margin deposit exposed west of the
massive reef facies of the Capitan Limestone, which
grades eastward into the back-reef facies of the Gil-
liam Limestone. Thin-bedded dolomite of the Gilliam
is interbedded with sandstone above and below and
with some red and blue mudstone and gypsum (King,
P, B., 1930, p. 76). A persistent sandstone at the top
has been correlated with the Yates Sandstone in the
subsurface to the north and northeast.

In the Chinati Mountains of the Marfa basin area,
rocks of marginal facies of both Word and Capitan
age are present (Skinner, J. W., 1940, p. 186-187).
The name Ross Mine Formation has been applied to
the Word equivalent and Mina Grande Formation to
the Capitan equivalent (Rix, 1953a, c¢). The Pinto
Canyon Formation (Amsbury, 1958) at the northwest
end of the mountains contains equivalents of the
Ross Mine in its upper part.

SHELF ARBEAS

Interval C on the shelves and Central Basin plat-
form includes the San Andres Limestone and the
overlying Artesia Group (Tait and others, 1962).
The Artesia Group includes the Grayburg Formation,
the Queen Sandstone, the Seven Rivers Formation, the
Yates Sandstone, and the Tansill Formation (Boyd,
1958, p. 27-32; Jones, 1953, p. 39—40; Hayes, 1964).

All the San Andres Limestone in the Permian basin
region is included in interval C, although its basal
part may be of Leonard age. Part of the formation
has been demonstrated to be the shelfward equivalent
of the lower part of the Cherry Canyon Formation
(Boyd, 1958, p. 74-78; Hayes, 1959), but other strata
in the unit may have formed at the same time as the
Brushy Canyon Formation (Hayes, 1964). The San
Andres is mainly dolomite but includes limestone near
its base and, in places, chert. It extends many miles
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farther shelfward than the overlying Artesia Group
before grading into evaporitic and detrital rocks.
Chert or limestone in the formation generally do not
form persistent horizons; hence, subdivision is not
practicable. An extensive tongue of limestone occurs
on the Central Basin platform, however, and its base
seems to be a laterally consistent horizon, but only in
the platform area. The San Andres Limestone of
many subsurface sections probably includes correla-
tives of the Grayburg Formation.

The top of the Queen Sandstone in the subsurface
may be the same as the Shattuck Member of the Queen
Sandstone in outcrop, which apparently grades into
the upper part of the Goat Seep Limestone (Newell
and others, 1953, p. 45, figs. 26, 27). The Seven Rivers
and higher formations of the Artesia Group are, there-
fore, probably equivalent to the Capitan Limestone
and Bell Canyon Formation of the marginal and basin
areas.

The tops of the Yates and Queen Sandstone have
long been used as key horizons for preparation of struc-
ture contour maps (Jones, 1953, p. 39-40), but they do
not seem to be consistently recognizable in all parts of
the region.

The San Andres Limestone and formations of the
Artesia Group can be recognized and traced southward
along the Central Basin platform nearly to its end.
South of the platform, sandstone of the Sheffield
channel intervenes between northern and southern
areas of carbonate deposits of early to middle Guada-
lupe age. In this area, evaporitic deposition did not
start until late Guadalupe time.

Units of interval C in the Midland basin largely
resemble those on the shelves.
those on the Central Basin platform from the top of
the Tansill Formation down to dolomite in the upper
part of the San Andres Limestone. The basal part of
the sequence, however, is dominantly fine-grained
sandstone and siltstone, light- to dark-colored lime-
stone, and dark mudstone, all of which are very similar
to rocks in the upper part of interval B in the Midland
basin.

The San Andres Limestone thins eastward across the
Midland basin, and detrital and evaporitic rock pro-
portions increase progressively. On the Eastern shelf,
part of the formation grades into the upper three for-
mations of the Pease River Group: the Flowerpot
Shale, Blaine Gypsum, and Dog Creek Shale, collec-
tively referred to as the “Blaine of Texas.” East of
an arbitrary line (I-450, pl. 6), these formations are
assigned to interval B.

Along the east margin of the Permian basin, only
the Whitehorse Group undifferentiated is assigned to

They are the same as.
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interval C. The group is dominantly sandstone, an-
hydrite or gypsum, and halite but includes some dolo-
mite and red mudstone. Oklahoma divisions of the
group are poorly recognizable in Texas.

UPPER BOUNDARY OF INTERVAL C

The top of interval C in the west Texas Permian
basin coincides with the top of the Guadalupe Series.
The tops of the Tansill Formation on the shelves and
in the Midland basin, of the Capitan Limestone in
marginal areas, of the Lamar Limestone Member of

‘the Bell Canyon Formation in the Delaware basin, and

of the Whitehorse Group on the Eastern shelf form
the interval and series boundaries. Overlying forma-
tions are the Castile Formation in the Delaware basin
and the Salado Formation elsewhere.

The general relations of the upper part of the
Artesia Group, or the former Carlsbad Limestone, to
the Capitan Limestone and to the Bell Canyon Forma-
tion are clear (King, P. B., 1948, p. 53-68, pls. 6, 7, 15,
17; Newell and others, 1953, p. 25-47), but the precise
relations of these upper contacts are unclear (King,
P. B, 1948, p. 68). The uppermost several hundred
feet of the Capitan Limestone is younger than the
Lamar Limestone Member of the Bell Canyon Forma-
tion and may have been deposited at the same time as
basal strata of the Castile Formation, above the Dela-
ware Mountain Group in the basin (Newell and others,
1953, p. 47; Jomes, C. L., 1954, p. 108-109). The top
both of the Tansill Formation of the Artesia Group
and of the Capitan Limestone, therefore, may be some-
what younger than that of the Delaware Mountain
Group. An alternative interpretation is that upper-
most strata of the Tansill and Capitan are equivalent
to sandstone above the Lamar Member in the Delaware
Mountain Group (King, P. B., 1948, p. 68). A few
geologists have proposed that most or all of the Castile
Formation is laterally equivalent to the Capitan Lime-
stone (Baker, C. L., 1920, p. 116-117; Cave, 1954;
Moore, G. W.,1959),but the evidence is not convincing.

Location of the top of interval C and of the Guada-
lupe Series is based entirely on physical stratigraphy
and on lithology, because Permian rocks above the top
of interval C are almost devoid of fossils.

The upper boundary of interval C in the Glass
Mountains is at the top of the rocks of known Guada-
lupe age—the Altuda, Capitan, and Gilliam Forma-
tions—which are seemingly conformable with the over-
lying Tessey Limestone of the Ochoa Series. An
equivalent of the Tansill Formation of the subsurface
may occur in the basal part of the Tessey, but it has
not been separated as a mappable unit (King, P. B,,
1942, p. 658).
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Northeast of the Glass Mountains and east of the
Delaware basin, interval C includes strata to the top
of the Tansill Formation or to an estimated equivalent
point above the Yates Sandstone. The boundary in
the eastern and southeastern marginal zones is an ero-
sion surface overlain mostly by Cretaceous rocks and,
in a very small area, by Triassic rocks.

THICKNESS TRENDS

Interval C is thickset in the Delaware basin; there
it exceeds 5,500 feet (fig. 15). It is 3,0004,000 feet
thick along the margins of the basin and gradually
thins northward on the Northwestern shelf to less
than 3,000 feet, and southward on the Central Basin
platform to less than 2,000 feet. The greatest thick-
ness in the western part of the Midland basin is
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slightly more than 3,500 feet. Along both the west
and east margins of the west Texas Permian basin
region the interval is truncated by erosion.

In the western part of the Delaware basin belts of
thinning and intervening belts of thickening trend
eastward to southward. In east-central Eddy County
these coincide with sharp bends of the reef front which
were formed during Guadalupe time (pl. 2C). These
bends include the one at the Huapache fault zone
(Hayes, 1964).

A northwestward-trending belt of thickening in
northeastern Jeff Davis County coincides with the
northeast margin of Diablo platform; it lies near the
Hovey anticline and the faults on the north side of
the Apache Mountains (King, P. B., 1949).
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Ficure 15.—Thickness of interval C in west Texas and southeastern New Mexico.
Dark pattern, areas where rocks older than Permian are exposed; light pattern, areas where
rocks younger than interval C have not been penetrated.

dashed where control is poor.
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From the eroded east edge of the Val Verde area,
interval C thickens westward through the area of the
Sheffield channel, northwestward along the edge of the
Central Basin platform, and southwestward into the
Glass Mountains area. The interval thickens from
1,400 feet at the south end of the Central Basin plat-
form to 3,500 feet beyond the platform. It may be
only a few hundred to a thousand feet thick in the
outcrop area of the Marfa basin.

LITHOFACIES TRENDS

The variations in composition of interval C in the
west Texas region are closely related to structural ele-
ments. On the Delaware basin and the Eastern shelf
detrital rock is predominant, whereas on marginal
belts carbonate rock is predominant. On shelves other
than the Eastern shelf, and on platforms (I-450
pl. 6), mixed carbonate and evaporite rock are
predominant.

South of the Central Basin platform, in the Val
Verde area, interval C consists of a lower unit in
which carbonate exceeds anhydrite and an upper, more
evaporitic unit containing much anhydrite and, locally,
rock salt. Transition from the lower to the upper
unit seems to be higher southwestward across the area.
Along the southeast margin of interval C, absence of
anhydrite is due to truncation.

Sandstone was concentrated around the south end
of the Central Basin platform because of sinking of
the Sheffield channel during deposition of the lower
part of the interval. Sandstone forms less than 30
percent to more than 80 percent of the rocks equivalent
to the San Andres or Word in the channel area, in
contrast to less than 5 percent on the platform and
along the Southern shelf. Sandstone in the upper
part of the interval is somewhat more uniformly dis-
tributed ; maximum amounts are below 25 percent in
the western part of the Val Verde area and in most
of the eastern part.

Lithofacies patterns reveal the gross outlines of
basin and shelf areas but mask the trend of the reefs
that separated them. Reefs of Word and Capitan age
in the Glass Mountains and in subsurface along part
of the west side of the Central Basin platform grew
progressively outward and upward from the shelf
and platform areas. The west end of the Sheffield
channel was probably closed by coalescing of the
southern and northern reefs or by formation of a sup-
plemental reef between the two. This is indicated by
an evaporitic facies across the channel area in the
upper part of the interval and also by the north-south
trend of the Delaware basin margin as shown by con-
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tours on a horizon near the top of rocks of Guadalupe
age (King, P. B., 1942, pl. 1).

The reef facies between the Central Basin platform
and the Southern shelf cannot now be outlined, and
the reef zone is presumably too thin to appear as a
distinct unit on the lithofacies map (I-450, pl. 6).
The upper and outer limit of the reef probably lies
within a belt of carbonate rock, mudstone, and sand-
stone that crosses the west end of the Sheffield channel
(fig. 7).

In the southern Chinati Mountains (Marfa basin),
where the thin-bedded muddy Ross Mine Formation
of Word age is overlain by massive dolomitic lime-
stone of the Mina Grande Formation, a Capitan
equivalent, descriptions of the rocks suggest a basin-
edge facies succeeded by a reef comparable to that in
the Glass Mountains.

If only the lower part of interval C in the west
Texas region is considered, the ratio of limestone to
dolomite is greatest in the Delaware and Midland
basins (pl. 2B), as in interval B (pl. 24). Dolomite
is dominant on the shelves and platforms. The belt
of mixing, in which proportions of limestone and dolo-
mite are nearly equal, is narrow and marks the posi-
tion of the margins of the Delaware basin during
deposition of the San Andres Limestone and lateral
equivalents. Widespread areas of mixing are evident
in the Midland basin area as well as on parts of the
Central Basin platform; they indicate partial inunda-
tion of the platform by normal, rather than somewhat
saline, sea water.

SOURCES AND ENVIRONMENTS
MARGINAL REEFS

Parts of interval C exposed in the Guadalupe Moun-
tains and other ranges on the west margin of the Dela-
ware basin clearly are classic examples of ancient reefs.
Data supporting the reef origin of these limestones are
summarized by P. B. King (1948, p. 3840, 48-53, 59-
64, 75-87), Adams and Frenzel (1950, p. 302-307),
Newell and others (1953, p. 105-114; 1957), and
McKee, Oriel, and others (I-450).

Basinward growth of the reef zones is shown on
plate 2C. This illustration shows the several positions
of the marginal belts for different parts of interval C.
When it is compared with plate 24, the gradual di-
minution in size of the Delaware basin becomes ob-
vious. Moreover, the filling and ultimate destruction
of the Midland basin is shown on plate 2C, here only
the lower part of interval C is of basin facies. Also
shown is the gradual exclusion of normal marine
waters from the eastern two-thirds of the Val Verde
area, south of the Central Basin platform.
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Outcrops in the Chinati Mountains are suggestive
of continuous normal marine conditions in the area
of the Marfa basin from Word through Capitan time.

BASIN ENVIRONMENTS

Exposures of the lower part of the Delaware Moun-
tain Group contain many features suggestive of dep-
osition in shallow well-aerated sea water, but rock
toward the center of the Delaware basin more likely
formed in considerably deeper and even stagnant
water. The upper part of the group, both within the
basin and along its margins, is also interpreted as hav-
ing formed in deep water. Sea-bottom relief along
the margins of the basin was prot)ab]y low in the early
part of Guadalupe time but moderate to great in
middle and late Guadalupe time.

SHELF EVAPORITES

As sea water crossed the marginal belt, which was
composed largely of reef rock, and flowed shelfward,
salinity increased, as it had during Leonard time. The
higher salinity resulted in deposition of evaporite
many miles shelfward during formation of the lower
part of interval C and closer to the reefs during for-
mation of the upper part of interval C.

Dolomite shelfward of the marginal belt is consid-
ered by some geologists to be the product of penecon-
temporaneous replacement, but the pisolite facies,
which is composed wholly of dolomite, is not explained
(Newell and others, 1953, p. 181). A possible mode of
replacement is seepage refluxion (Adams and Rhodes,
1960). Marginal reefs and banks prevented free re-
fluxion of lagoonal waters and produced heavy brines
that displaced connate waters and seeped slowly down-
ward through carbonates, replacing them below the
lagoon floor.

The view that very fine grained dolomite in the
back-reef area was precipitated directly (King, P. B.,
1948, p. 88; Adams and Frenzel, 1950, p. 304) is sup-
ported by evidence that dolomite is now forming in
an analogous environment in lagoons of southern
Australia (Alderman and Skinner, 1957; Skinner,
1960). On the, other hand, partial to complete dolo-
mitization of rocks in and adjacent to the reef zones
is not debated (King, P. B., 1948, p. 88; Adams and
Frenzel, 1950, p. 304; Newell and others, 1953, p. 178-
180).

Although the Castile Formation is excluded from
interval C, difficulties arise if the basal part of the
formation is correlated with the upper part of Canitan
and Artesia strata. This correlation has not been uni-
versally accepted because the formation of evaporite
rock on both sides of a reef complex is considered un-
likely. Nevertheless, evidence of physical stratig-

297-708 O-68—5

raphy supports this correlation (Newell and others,
1953, p. 47; Jones, C. L., 1954, p. 108-109).

Density stratification of water in the Delaware basin
may have permitted continued growth of the Capitan
reef while evaporites of the basal part of the Castile
Formation were deposited. As sea water evaporated
its density and salinity increased, but the denser liquid
settled in the basin. Salinity in the deep part of the
basin may have increased sufficiently to permit deposi-
tion of laminated calcite and anhydrite at the same
time as a surface layer of nearly normal salinity per-
mitted continued growth of the reef and furnished sea
water to the lagoons behind the reef. However, this
process probably ceased when halite began to precipi-
tate during deposition of the lower part of the Castile
Formation. Halite deposition may well have been
induced by restriction of the entry of normal sea water
into the Delaware basin, either by lowering of sea level
or by local differential tectonic movements; reef build-
ing may have ceased because of increased salinity
(Kroenlein, 1939, p. 1684) or because the basin mar-
gins were no longer submerged (Lloyd, in Kroenlein,
1939, p. 1693).

In summary, the sequence of facies represented in
interval C in the Permian basin region includes dark
mudstone and limestone of euxinic environment in the
basin, grading laterally into tongues of coquinoid lime-
stone, reef debris, reef rock, calcarenite, pisolites, dolo-
mite, anhydrite, salt, mixed salt, anhydrite and car-
bonate rock, and finally red beds and arkose near the
ancient source areas. The broad extensive lagoonal
belt behind the reef may have served as an evaporating
pan for sea water that continued to be replenished over
the circulation-restricting reef.

SOURCES OF DETRITUS

Sparsity of detritus in peripheral belts around the
Delaware and Midland basins has raised questions re-
garding possible sources of sand in the basins. The
dominance of sandstone in the northern part of the
Delaware basin (I-450, pl. 6), the presence of pockets
and lenses of sandstone in reefs bounding the basin
(Newell and others, 1953, p. 107), the decréase in grain
size of sandstone from shelf to basin (except within
the Brushy Canyon Formation, where marginal bar-
riers were probably low), the distribution and relative
abundance of feldspar grains in the northern part of
the Delaware basin, as well as other features, indicate
that sand sources were behind barrier reefs surround-
ing the basin.

The sand of the west Texas Permian basin was prob-
ably derived from feldspathic and garnetiferous rocks
in the ancestral Rocky Mountains and possibly from
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the ancestral Wichita Mountains (Hull, 1957a). Sand
grains may be sparse in the reef zone because detritus
was flushed through surge channels in this belt (T. F.
Stipp, oral commun.). The form of some surge chan-
nels may still be preserved between reef knobs, as
suggested by Stipp and Haigler (1656). Sparse de-
tritus trapped in the reef belt was apparently masked
by thick rapidly formed carbonate deposits (Hull,
1957a, p. 305).

Some of the detritus in the west Texas Permian
basin may have come from subsidiary southern and
eastern sources. The predominance of detrital rocks
in places along the south and east margins suggests
these sources.

Some sand and mud from southern sources may have
moved northward through the Hovey channel, west
of the Glass Mountains, into the Delaware basin and
the Sheffield channel. The presence of mudstone and
sandstone, in part conglomeratic, at the base of the
Grayburg Formation in north-central Crockett County
suggests a near-shore environment in the eastern part
of the Val Verde area (Page and Adams, 1940, p. 59—
60). Low marginal lands both south and east may
have furnished detrital components of the upper part
of interval C.

Eastern sources apparently lay in two directions.
Mud, sandy mud, and some sand were derived from
the northeast, probably from Oklahoma. The prev-
alence of sandstone and mudstone along the southern
part of the Eastern shelf also supports the south-
eastern source inferred for the eastern part of the Val
Yerde area.

PALEOTECTONIC INVESTIGATIONS OF THE

PALEOTECTONIC IMPLICATIONS

During deposition of interval C major tectonic ele-
ments were modified considerably. Thus the Midland
basin largely lost its basin character and assumed
aspects of adjoining shelves and the Central Basin
platform.

The depth of the central part of the Delaware basin
continued to be optimum for euxinic conditions, as
during the preceding Leonard time, but the west
margin was no longer an abrupt topographic front
early in Guadalupe time. The former steep peripheral
relief of the basin was largely buried by a flood of
relatively coarse detritus, much of which was deposited
in shallow water. Regional subsidence resulted in en-
croachment of basin detrital units upon the shelf
(sandstone tongue of the Cherry Canyon Formation).
The Delaware basin area, therefore, was relatively
quiescent early in Guadalupe time, although tectonism
in distant areas can be inferred from the flood of sand
which reached this basin.
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During middle Guadalupe time the center of the
Delaware basin sank more than its margins, and mar-
ginal areas buckled locally. Reef and bank deposition
continued under these conditions, as in Leonard time.
After deposition of the Goat Seep and Vidrio began,
sedimentation, largely by organisms, caught up and
kept pace with regional sinking, and a steep but sub-
merged marginal topographic front formed again.

The Goat Seep and the Capitan Limestones reduced
marine circulation more effectively than their earlier
counterparts. Once a continuous sill had been built
up around the Delaware basin, extensive deposition of
evaporites, rather than of carbonates (San Andres
Limestone), was promoted on the shelves and took
place nearer the marginal belts than at any time dur-
ing the Leonard. The maintenance of barriers and
the thickness of evaporites also reflect tectonic
stability.

Reef growth during late Guadalupe time was greater
laterally than vertically, which indicates that regional
sinking did not keep pace with sedimentation in the
peripheral belts. On the other hand, the detritus car-
ried in was insufficient to fill the basin completely;
sinking continued to exceed sedimentation, as indicated
by euxinic conditions in the middle of the basin.

Conditions in the Midland basin differed from those
in the Delaware basin. The introduction of great vol-
umes of sand and mud into the Midland basin in late
Leonard and early Guadalupe time was not accom-
panied by differential sinking; therefore, the basin
filled. Moreover, the Sheffield channel, as a marine
passageway, was destroyed by sedimentation. By late
early Guadalupe time the formerly deep Midland basin
was shallow, and evaporite deposits, characteristic of
the shelves and the Central Basin platform, spread ex-
tensively over the area. The Midland basin was there-
fore relatively stable, although evidence of an early
flood of detritus implies a distant area of uplift.

The Val Verde trough and Marfa basin areas were
probably also stable. Some warping in the eastern
part was perhaps accompanied by brief emergence of
marginal zones. Maximum subsidence, extending
from the southeastern Delaware basin into the Shef-
field channel, was probably early in Guadalupe time.
Slight uplift may explain thinning of carbonate rock
over part of the south end of the Central Basin
platform.

Detritus deposited on the Eastern shelf suggests up-
lift of inferred source areas. Positive areas of low to
moderate relief were probably close to the southern
part of the shelf. Northeastern source areas were

probably more distant.



WEST TEXAS PERMIAN BASIN REGION

INTERVAL D
FORMATIONS INCLUDED

Rock units assigned to interval D are, in ascending
order, the Castile, Salado, and Rustler Formations
and the Dewey Lake Redbeds. The Dewey. Lake in-
cludes strata formerly assigned to the Pierce Canyon
Redbeds. Whether Dewey Lake Redbeds are of
Permian or of Triassic age has been disputed.

Interval D includes perhaps the thickest and most
extensive evaporite rock sequence in North America.
Although the sequence has been penetrated by many
boreholes, details are poorly known except in the few
holes where cores have been taken, partly during
exploration for potash.

The Castile Formation (Richardson, G. B., 1904, p.
43) 1is confined to the Delaware basin and consists
mainly of anhydrite, although it includes calcite and
two very extensive layers and several tongues of halite
(1450, pl. 6, inset, section B-B’). The lower part of
the formation consists of distinctively banded light-
gray anhydrite and brown bituminous limestone lam-
inae. Toward the margins of the basin, the basal
part of the banded unit grades reefward into lami-
nated limestone and the upper part into massive anhy-
drite (Jones, C. L., 1954, p. 109). The upper part of
the Castile Formation is light-gray massive anhydrite
which grades laterally into the basal part of the
Salado Formation by wedging of anhydrite tongues
northeastward into salt (Jomes, C. L., 1954, p. 109;
Moore, G. W., 1960, p. 131). The level at which the
contact between these formations is placed depends on
the abundance of anhydrite below and salt above.

The Salado Formation (Lang, 1935, 1939) is domi-
nantly halite but includes abundant anhydrite and
some mudstone, sandstone, and a suite of salts that in-
cludes polyhalite 2CaSO,-MgSO,-2H.0), kieserite
(MgS0,-H.0), glauberite (CaSO,-Na,S0,), sylvite
(KCl), carnallite (KCl-MgCl,-6H.0), langbeinite
(K.S0,-2MgS0,), kainite (KC1-MgSO,-3H,0), and
leonite K,SO,-MgSO,-H,0). Principal lithologic
types form cycles consisting of a detrital layer, a sul-
fate, a halite, and a mixed halite-detrital layer, in
ascending order, with gradational contacts (Jones, C.
L., 1954, p. 110). The formation includes several
widely recognized but thin named members (Adams,
1944, p. 1610-1611). The Salado Formation extends
beyond the limits of the Castile across most of the
Permian basin; its thickness and lithofacies vary
unpredictably because of leaching of its several soluble
components.

The Rustler Formation (Richardson, G. B., 1904, p.
44) consists mainly of anhydrite and halite but also
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contains dolomite, limestone, siltstone, and sandstone.
Some of the dolomite is oolitic in the marginal and
shelf areas. Within the Delaware basin, limestone
and dolomite increase southward and southwestward,
at the expense of salt and anhydrite. The top of the
Rustler Formation is clearly marked and has been used
as a datum for structural maps.

The Dewey Lake Redbeds (Page and Adams, 1940,
p. 62-63; Adams, 1929, p. 1052) are dominantly uni-
form orange-red siltstone but include disseminated
sand grains, sandstone beds, and some mudstone.
Gypsum forms cement, secondary crystals, and veins.

The name Pierce Canyon Redbeds (Lang, 1935, p.
262-264) was used for a unit of red siltstone in south-
eastern New Mexico and adjoining parts of Texas; this
unit is regarded as the same as the Dewey Lake Red-
beds in west Texas (Miller, D. N., Jr., 1955).

The Tessey Limestone (Udden, 1917, p. 53) is as-
signed to interval D, although its basal part may be of
Guadalupe age. Where exposed in the northern Glass
Mountains it is relatively unfossiliferous, massive to
indistinctly bedded dolomite, approximately 1,000 feet
thick (King, P. B., 1937, p. 106). Much of the Tessey
is believed to grade northward into the much thicker
evaporitic sequence of the Salado and Rustler Forma-
tions in the Delaware basin.

The Tessey contains the pelecypod Pleurophorus
(King, P. B., 1942, p. 662-663), but no other fossils
have been reported. It is considered to be part of the
Ochoa Series because it overlies the Altuda, Capitan,
and Gilliam Formations of late Guadalupe age, and
because the upper part of the Gilliam and basal part
of the Tessey seem to correspond to the Yates Sand-
stone and Tansill Formation.

No rocks equivalent to those of the Ochoa Series are
known southwest of the Glass Mountains within the
United States. Two wells drilled in eastern Chihua-
hua, Mexico, near Ojinaga and across the Rio Grande
from Presidio, Tex., penetrated about 8,500 feet of
mudstone and limestone with interbedded anhydrite,
gypsum, and rock salt, below rocks of J urassic or pos-
sibly Triassic age. The evaporitic sequence has been
called Permian (?) on the basis of comparison with
Ochoa lithology in Texas (Ramirez and Acevedo, 1957,
p. 663-665), but the evaporites may be of Mesozoic
age. About 150 miles southeast of the Ojinaga area,
near Las Delicias in southwestern Coahuila, 220 feet
of gray marine mudstone overlying rocks of Guada-
lupe age has been considered to be possibly of Ochoa
age (King, R. E., and others, 1944, p. 19). It con-
tains the fusulinid Polydiexodina mexicana and the
ammonoid Kéngoceras, which are not known from any
other locality and which are considered younger than
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the most closely related forms from the Guadalupe
Series and its equivalents in the United States.

UPPER BOUNDARY OF INTERVAL D

The Permian age of most of the rocks assigned to
interval D and to the Ochoa Series has been estab-
lished by fossils found in the Rustler Formation in
Culberson County, Tex. (Donegan and DeFord, 1950;
Walter, 1953). No fossils have been reported from
the Dewey Lake Redbeds. The last age assignment of
the Pierce Canyon Redbeds by the U.S. Geological
Survey, before the name was abandoned in favor of
the Dewey Lake, was Permian or Triassic. The red-
bed unit has traditionally been assigned a Permian age
on the basis of physical stratigraphy: it is thought to
overlie conformably the Rustler Formation and under-
lie unconformably the Dockum Group; it was appar-
ently deposited in a large standing body of water, as
were the underlying strata, and not in streams, as were
the overlying beds. In the absence of information to
the contrary, the red-bed unit is included in interval
D although its age admittedly is not known.

Physical criteria can be used for distinguishing red
beds included in the Permian from those of the
Dockum Group (Adkins, 1924, p. 28; Adams, 1929, p.
1052; Miller, D. N., Jr., 1955), but the top of the
Dewey Lake Redbeds is generally assigned on the basis
of geophysical logs (for example, Roswell Geol. Soc.,
1958; Van den Bark, 1957a, p. 111, and other reports
in the same volume).

In some parts of the Permian basin region, interval
D is unconformably overlain by Cretaceous or Ceno-
zoic strata with slight to moderate angular discord-
ance. In most parts of the region, rocks directly be-
neath this erosional surface are the Dewey Lake
Redbeds; but in places they are the Rustler or Salado
Formations.

THICKNESS TRENDS

Interval D is slightly more than 5,000 feet thick in
the central part of the Delaware basin and more than
4,000 feet thick in a north-trending belt within the
basin (fig. 16). The rocks thin to about 1,000 feet on
the shelf areas and to about 1,500 feet in the Midland
basin. Along the eroded edges of the sequence around
the periphery of the Permian basin there is marked
irregular thinning.

Local irregularities in thickness, as along the mar-
gins of the Central Basin platform and along the west
and north margins of the Permian basin region, result
from leaching of the more soluble beds. Local belts
of thinning near the margins of the basin, as the east
trending belt in west-central Reeves County, are areas
eroded before deposition of Upper Triassic and Cre-
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taceous strata (fig. 18). Irregular thickness along the
southern part of the Central Basin platform is the
result of both leaching and erosion.

The Tessey Limestone has a maximum thickness of
about 1,000 feet in the Glass Mountains.

LITHOFACIES TRENDS

Units assigned to interval D are not described from
enough boreholes to permit satisfactory reconstruction
of lithofacies trends. In many areas, lithofacies are
interpolated from the few available data; in some,
data are too sparse to permit interpolation, and litho-
facies for these areas are not shown (I-450, pl. 6,
inset).

Interval D is composed mainly of evaporites, mostly
anhydrite and halite. Halite is dominant north of
the Delaware basin, where the Salado Formation
makes up the bulk of the unit. Total thicknesses of
salt are greatest, however, within the Delaware basin,
but presence of the Castile Formation reduces the rela-
tive proportion of salt in the interval. Local differ-
ences in the proportion of salt, as along the north and
east margins of the Delaware basin, reflect post-
Permian leaching.

The proportion of carbonate rock to other types in-
creases southwestward and southward, and the propor-
tion of detrital rocks increases eastward and north-
eastward.

Detrital rocks on the Eastern shelf include both
sandstone and mudstone, but the sandstone is more
abundant on the southern than on the northern part
of the shelf. Sandstone is also moderately abundant
along the eastern part of the south margin of the
region.

Dolomite is not a major rock component of interval
D except in the Tessey Limestone, which lies in and
north of the Glass Mountains.

SOURCES AND ENVIRONMENTS

The greater part of interval D in the west Texas
Permian basin region is clearly the product of the
evaporation of sea water, somewhat modified by later
events and processes. The sequence of strata in the
interval records the increasing salinity and density of
brine. Geochemical studies of brines indicate that
an extremely large volume of water was evaporated.

The deposits accumulated in an interior basin con-
nected to the ocean on the southwest or south by nu-
merous inlets (Moore, G. W., 1960, p. 130) across a
partially obstructing sill or barrier. The sill may
have been a reef (King, P. B., 1942, p. 752, 759) on
the seaward side of the near-margin deposits now pre-
served as the Tessey Limestone, or perhaps sand dunes
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F16URE 18.—Thickness of interval D in west Texas and southeastern New Mexico.
Isopachs dashed where control is poor.

and 500 feet.

Isopach intervals 100
Dark pattern, areas where rocks older than

Permian are exposed ; light pattern, areas where rocks younger than interval D have not been penetrated.

(Adams, 1944, p. 1617), or bank deposits. The sill
probably restricted but did not stop circulation.

The interpretation of a reef sill is favored by rock
types in the Tessey Limestone. These rocks have been
compared with back-reef dolomite of the northern
Guadalupe Mountains (King, P. B., 1942, p. 662) and
may have been transitional between known evaporites
to the north and a possible reef to the south. The in-
ferred reef may have closed the Hovey channel,
through which normal marine waters flowed earlier
in Permian time. Absence of remnants of the inferred
reef is attributed to post-Permian erosion.

Evaporation in the restricted basin may have re-
sulted in density stratification, with dense, saline water
within the basin and a lighter, less saline surface layer

that was replenished by influx of sea water over the
sill. The salinity of the surface layer, however, was
probably greater in distal parts of the restricted basin
than near the area of inflow (Scruton, 1953).

Both calcite and anhydrite laminae occur in the
Castile Formation. Calcite precipitates from sea
water of nearly normal salinity, but calcium surfate is
not formed until salinity has increased to 3.35 times
the normal content (Mason, 1958, p. 175).

Laminated deposits in the Castile have been re-
garded as varved (Udden, 1924) and have been at-
tributed to intermittent inflow. At each seasonally
controlled influx of a surface layer of sea water, pro-
gressive evaporation precipitated first calcite and then
calcium sulfate in the form of gypsum (Adams, 1944,
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p. 1617-1619). Incomplete precipitation of marine
salts, or the relatively low proportion of salt deposited
in the formation, may have been caused by seepage of
the denser layer through the inferred permeable sill.

The laminae have also been attributed to seasonal
variations in temperature and accompanying varia-
tions in relative solubility of anhydrite and calcite,
rather than to cyclic interruptions in deposition; exces-
sive salinities in the basin might have been forestalled
by nearly continuous reflux or outflow over the sill,
but below the layer of influx of the lower, denser layer
(King, R. H., 1947b, p. 477). The ratio of influx to
reflux, based on dominance of anhydrite in the Castile
and on the total content and relative solubilities of
salts in sea water, has been estimated at about 10:1.
Gypsum may have been deposited initially, but very
early in Castile time salinity may have increased to
4.8 times that of sea water and specific gravity to 1.11,
at a temperature of about 30°C., so that virtually all
the calcium sulfate was precipitated as anhydrite.
The volume of water estimated to have evaporated
during deposition of the Castile Formation is 928.5 X
10** cubic feet, equivalent to a vertical column of
3,280,000 feet or about 114 inches per year (King, R.
H., 1947b, p. 475). At present, evaporation in the
Delaware basin area ranges from 70 to 110 inches per
year (Adams, 1944, p. 1619).

Modern oceanographic data support this inferred
pattern of circulation in the basin (Scruton, 1953, p.
2502). Possible factors that may have affected salin-
ity within the basin, or changes in the geographic posi-
tion of salinity gradients, are seasonal variations in
temperature, evaporation, precipitation, sea level, or
wind. The intertonguing of the Castile Formation
with halite in the northeastern or distal part of the
Delaware basin supports the inferred source of sea
water in the southwest or south.

The area of evaporation was restricted to the Dela-
ware basin during all, or nearly all, of Castile time.
Subsidence did not keep pace with the accumulation
of the precipitates; the basin filled, and the depth of
water decreased.

A change in the nature of the marine channelway,
caused possibly by slight upwarping of or sedimenta-
tion on the sill, increased the ratio of influx to reflux
and increased salinity; this resulted in deposition of
the Salado Formation. A much greater area is cov-
ered by brine deposits of the Salado Formation than
by those of the Castile.

That a tremendous volume of water evaporated dur-
ing deposition of the Salado Formation is indicated by
the presence-of such salts as kieserite and carnallite,
end members of the evaporative sequence (Phillips,

PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

1947, p. 100), and sylvite. Potassium and magnesium
salts do not begin to crystallize until sea water has
been reduced to 1.54 percent of its volume. The total
volume of water removed is unknown.

Silt and sand in the Salado Formation may have
been carried into the evaporative basin by wind or
by ephemeral desert streams during interludes of
desiccation (Adams, 1944, p. 1621). The presence of
many layers of mixed halite and detritus in cyclic se-
quences may indicate many times of desiccation (Jones,
C.L., 1954, p. 110).

The salinity of brines in the Permian basin was
much reduced by the time the Rustler Formation was
deposited. The formation has been considered as re-
flecting the final incursion of the Permian sea in west
Texas (Adams, 1944, p. 1615). Evidence in support
of this interpretation is the marine fauna reported
from the Rustler in Culberson County, Tex. (Walter,
1958). This fauna, composed of brachiopods, pelecy-
pods, and gastropods, suggests nearly normal marine
waters for at least part of Rustler time. The upper
part of the Rustler contains, however, an aberrant
pelecypod and gastropod fauna, suggestive of develop-
ment in hypersaline water. Restricted circulation and
evaporation of sea water are indicated by the presence
of anhydrite beds, especially in the upper part of this
formation.

The Dewey Lake Redbeds differ mineralogically
from siltstones and sandstones in underlying units of
the Permian basin principally in the abundance of
fresh feldspar and thepresence of hollow sanidine
grains (Miller, D. N., Jr., 1955). The detritus may
have been derived from a granitic source in Coahuila,
Mexico, transported by wind in an arid climate, and
deposited in shallow saline water (Miller, D. N, Jr.,
1955, p. 60-63, 104-106) in the basin remaining after
deposition of the Rustler Formation.

Although more than 5,000 feet of interval D occurs
in parts of the Delaware basin, this probably repre-
sents a relatively brief span of geologic time. If
laminae in the Castile Formation are varves, then the
duration of Castile time may have been 306,000 years
(Udden, 1924, p. 353). Halite, the most abundant
component of the thick Salado Formation, can accumu-
late at the rate of two-thirds foot or more per year
under optimum conditions (Briggs, 1958, p. 55) ; thus,
the salts in the Salado Formation may have formed
in a few hundred thousand years or less (J. E. Adams,
oral commun., 1958).

PALEOTECTONIC IMPLICATIONS

The west Texas Permian basin during latest Per-
mian time was very stable. Although the upper part
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of interval D probably formed at the close of the
Paleozoic Era, evidence of orogeny is absent. Marked
stability permitted the maintenance of an evaporite
pan in which the sequence of precipitation proceeded
to the formation of bittern salts. Hydrographic fea-
tures evolved from those which existed in the basin
earlier would have been markedly affected by tecto-
nism, but neither normal marine sediments nor coarse
detritus invaded the basin until latest Permian time.

Tectonic stability is also implied by the near con-
formity of Permian and Upped Triassic rocks over
much of west Texas and southeastern New Mexico and
the apparently limited extent of more marked discord-
ances such as that between Permian and Triassic rocks
in the Glass Mountains.
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Deposition of the Dewey Lake Redbeds may imply
slight to moderate uplift of bordering land areas, pos-
sibly to the south in Mexico very late in Permian or
early in Triassic time.

TOTAL THICKNESS OF PERMIAN ROCKS
THICKNESS AND TRENDS

Maximum thickness of Permian rocks exceeds 17,000
feet in the Val Verde area, where, however, basal
strata of pre-Permian age may have been included.
Permian rocks are more than 15,000 feet thick in the
central part of the Delaware basin and exceed 10,000
feet in other parts of this basin. Thickness in other
parts of the region is less, as shown in figure 17.
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Ficure 17.—Total thickness of Permian rocks in west Texas and southeastern New Mexico.
Isopachs dashed where control is poor, dotted where Permian rocks have not been penetrated by drill. Dark

feet.

Isopach intervals 500 and 1,000

pattern, areas where rocks older than Permian are exposed; light pattern, areas where rocks younger than Permian have

not been penetrated.



PALEOTECTONIC INVESTIGATIONS OF THE

58

The great thickness of the Permian System in basins
of west Texas diminishes eastward to a beveled edge
and northward to considerably thinner but not notably
incomplete stratigraphic sequences. The rocks un-
doubtedly thin rather abruptly southward from the
belt of maximum thickness in the Val Verde area, but
available data are insufficient to define this belt of
thinning.

Thicknesses of Permian strata have been affected by
later events not only where exposed to weathering and
erosion, but also in the subsurface. The large propor-
tion of relatively soluble minerals in the system have
made it especially susceptible to leaching and thinning
by ground water. The Carlsbad Caverns in the car-
bonate facies of the Artesia and Capitan Limestones
(Bretz, 1949; Horberg, 1949; Hayes, 1957) are a spec-
tacular example. Hydration .of anhydrite to form
gypsum and also leaching of halite and the sulfates
have taken place on a much more extensive scale than
solution of limestone. In general, times of solution are
believed to have coincided with times of erosion
(Adams, 1944, p. 1622-1625).

PALEOTECTONIC IMPLICATIONS

Major tectonic elements that influenced sedimenta-
tion throughout Permian time are evident in figure 17.
The Val Verde trough, site of extremely great sedi-
mentation in earliest Permian time (fig. 12), is also
the area of maximum thickness for the total Permian
System in this region. The Delaware and Midland
basins contain thicker sequences than do the Diablo
and Central Basin platforms and the Northwestern and
Eastern shelves. Also evident are such smaller fea-
tures as the Hobbs channel, on the north end of the
Central Basin platform, and the Hovey channel, in
northern Brewster County.

The combination of thicknesses of all intervals of
the Permian System on a single map, however, does
mask some major features and events. The margins of
the basins, for example, and such smaller features as
the Sheffield channel are not sharply defined in figure
17.

Places of maximum thickness do not necessarily
represent persistent or recurrent areas of maximum
depression during all of Permian time. In the Val
Verde trough area, for example, more than 10,000 feet
of detrital rocks accumulated very early in Permian
time. This amount was far greater than that depos-
ited later. Maximum sinking in later Permian time
occurred in the northwest segment of the Val Verde
trough; but even there, deepening of the trough in
Early Permian time provided for an accumulation of
15-24 of the total thickness of Permian rocks.
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In the central part of the Delaware basin, on the
other hand, the total thickness includes unusually great
thicknesses of intervals A and D but only moderately
great thicknesses of intervals B and C. The basin was
a topographic depression throughout Permian time.
Sedimentation did not keep pace with sinking, and the
basin wasn’t filled until late in the period.

Total thickness of Permian rocks within the Per-
mian basin region reflects, in a general way, strongly
negative movements of late Paleozoic age. Great
thicknesses in the Delaware and Midland basins are the
result of Late Pennsylvanian and Early Permian
downbuckling. Lesser thickness on the Central Basin
platform is the result of uplift in earliest Permian
time and subsequent regional subsidence; the platform,
however, sank less than the adjoining basins. Farther
north, however, moderate thickness on the Northwest
shelf probably reflects a gradually subsiding belt.
Total thickness of Permian rocks along the east and
west margins of the Permian basin region, on the other
hand, has at several times been reduced by post-Per-
mian erosion.

GEOLOGIC UNITS DIRECTLY ABOVE PERMIAN SYSTEM
UNITS OVERLYING PERMIAN

The Permian System is unconformably overlain (fig.
18), in most parts of the west Texas Permian basin re-
gion, by alluvial sandstone, red mudstone, and some
conglomerate and fresh-water limestone assigned to
the Dockum Group (McKee and others, 1959, p. 13-14,
21-22) of Late Triassic age. Upper Jurassic rocks,
of the Malone Formation, are preserved in a single
small area in the Quitman and Malone Mountains in
the south-central part of Hudspeth County, Tex.

Permian rocks in parts of trans-Pecos Texas, in the
southeastern part of the Permian basin region, and in
local areas along the Eastern shelf are unconformably
overlain by various rock units assigned to the Lower
Cretaceous and locally to the Comanche Series. Cre-
taceous rocks are much more extensive than shown
(fig. 18), because they extend over the Dockum Group
in much of the southern part of the west Texas Per-
mian basin region. They formed during a very ex-
tensive transgression of the sea from the Gulf region.

Cenozoic rocks and sediments directly overlie Per-
mian and younger rocks in topographically low areas
in the southwestern part of the region. In addition
to areas shown in figure 18, Cenozoic rocks and uncon-
solidated sediments also fill the Rio Grande trench and
the Tularosa basin.

Tertiary volcanic rocks, overlapping the Cretaceous,
lie on Permian rocks in small areas in the Chinati
Mountains.
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Ficure 18.—Geologic units directly above Permian System in west Texas and southeastern New Mexico.
QTg, Quaternary and, locally, Tertiary gravel, sand, and clay. Tertiary rocks: Ts,

Seymour Formation.

sedimentary rocks; To, Ogallala Formation; Tv, volcanic rocks.

manche age; Kd, Dakota Sandstone; Ks, Sarten Sandstone.
Pr, area where Permian rocks are exposed. Dark pattern, areas where rocks older

assic (interval C) Dockum Group.

Qs, Quaternary
undivided
Cretaceous rocks: Kr, undivided; Kc, rocks of Co-

Jma, Jurassic (interval D) Malone Formation. T&d, Tri-

than Permian are exposed; light pattern, areas where rocks younger than Permian have not been penetrated. Contacts

between stratigraphic units dashed where uncertain.
uncertain.

Quaternary deposits rest directly on Permian and
Triassic rocks above part of the south end of the Cen-
tral Basin platform. In the area of the Eastern shelf
numerous remnants of probable flood-plain deposits on
the eroded surface of the Permian are assigned to the
Seymour Formation of Quaternary (Pleistocene) age.
In the western part of the region, Permian rocks are
overlain by lake deposits of inferred late Pleistocene
age, as in the Salt Basin (King, P. B., 1948, p. 157),
and by alluvial gravel deposits, as in central and south-
central Eddy County (Hayes, 1957).

Limit of Permian rocks shown by heavy line; dashed where

Permian rocks are now exposed in much of the East-
ern shelf area, in part of the Midland basin, and along
the west margin of the region, in southeastern New
Mexico.

Permian rocks are also exposed in parts of the Glass
Mountains, the Chinati Mountains, and in a few iso-
lated areas too small to show on the maps of this
paper. These small areas lie along the Pecos River
north of the common point of Terrell, Crockett, and
Val Verde Counties (King, P. B., 1942, pl. 1; West

Texas Geol. Soc., 1959, p. 52-53) and near the east
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edge of Permian rocks in Sutton, Menard, and Kimble
Counties (Darton and others, 1937).

PALEOTECTONIC IMPLICATIONS

The post-Permian record in west Texas and south-
eastern New Mexico is fragmentary and largely one
of erosion. Conspicuous unconformities mark the
bases of Upper Triassic, Cretaceous, and poorly dated
but probably mainly upper Cenozoic strata (McKee
and others, 1959, p. 2, 20; Adams, 1929, p. 1047).

Topographic relief after deposition of the upper-
most Permian rocks continued to be low or subdued.
Broad regional warping, however, probably took place
along the northern and western periphery of the west
Texas Permian basin region, as indicated by beveling
of the successively older Permian units that directly
underlie the Dockum Group northwestward (McKee
and others, 1959, pl. 2). Detritus from the southeast-
ern New Mexico area seems to have been a major com-
ponent of the Moenkopi Formation; therefore, warp-
ing and erosion took place in Early Triassic time.

In the central part of the west Texas Permian basin
region, however, relatively nonresistant uppermost
Permian rocks are preserved beneath the Dockum
Group at most places. Although the land was emer-
gent by Late Triassic time, erosion was mainly by
small streams. The Dockum Group was later depos-
ited in the channels and flood plains of these streams.

In the Midland basin, Upper Triassic rocks were not
deposited much farther east than the present zero iso-
pach of the Triassic System (McKee and others, 1959).
The area east of Triassic deposition probably remained
positive until Early Cretaceous time, when marine
sediments overlapped the Dockum Group.

In the southeastern part of the west Texas Permian
basin region, Permian rocks were warped, possibly in

PERMIAN SYSTEM IN THE UNITED STATES

Early Triassic time, and beveled by erosion in an area
at least 80-100 miles wide. To the west, in the Glass
Mountains area, however, there seems to have been no
comparable widespread erosion before deposition of
the Upper(?) Triassic Bissett Conglomerate, which
was derived from rocks immediately to the south and
laid down on slightly tilted Upper Permian rocks.

The west Texas region was probably emergent but
low during the Jurassic Period. By Late Jurassic
time, areas in the northern part of, or north of, the
Permian basin region probably supplied some of the
coarse detritus in the Morrison Formation in the Okla-
homa Panhandle. In the southwesternmost part of
the region, however, downbuckling permitted encroach-
ment of a seaway from Mexico, in which the Jurassic
Malone Formation was deposited.

By Early Cretaceous time, the once-prominent high-
lands along the Ouachita-Marathon structural belt
were submerged by transgression of the sea from the
south. North of the structural belt, Cretaceous depo-
sition advanced across an irregular surface of warped,
eroded, and partly leached Permian and Triassic rocks.

Prominent block faulting and buckling of basin-
range type in the western part of the Permian basin
region are probably late Cenozoic (King, P. B., 1948,
p. 106-108). Many of these features cut across earlier
structures and larger tectonic elements, but some re-
newal of movement occurred along early belts of weak-
ness. Major movement was on northwest-trending
faults along the northeast margin of the Diablo plat-
form of Permian time.

Late Cenozoic regional uplift exposed many of the
Permian strata in the west Texas Permian basin to

erosion.
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NORTHEASTERN NEW MEXICO AND TEXAS-OKLAHOMA PANHANDLES

By Georce H. Dixon

ABSTRACT

Rocks of Permian age are present throughout the northeast
quarter of New Mexico and the Panhandle of Texas and Okla-
homa except in three places. Permian rocks are absent across
a part of the buried Sierra Grande arch in eastern Colfax
County, N. Mex., and they have apparently been eroded from
the crest of the Pedernal positive element in central Torrance
County, N. Mex. They are also absent west of a beveled edge
along the south and east flanks of the present Sangre de
Cristo Mountains.

Surface exposures of Permian rocks in northeastern New
Mexico are limited to the area surrounding the Pedernal
Hills and along the east flank of the Sangre de Cristo Moun-
tains. In the Texas-Oklahoma Panhandles they occur in the
southeast quarter of the Texas Panhandle and along the
North Canadian River in Beaver County, Okla. Permian
strata occur in the subsurface throughout the remainder of the
region,

Major structural features that influenced Permian deposi-
tion were the Matador and Sierra Grande arches, the Peder-
nal positive element, and the Bravo dome, all in northeastern
New Mexico, and the Matador arch, the Amarillo and Cimar-
ron uplifts, and the Keyes dome in the Texas-Oklahoma Pan-
handles. These structures formed in pre-Permian time, The
basins separating them received large amounts of detrital
material from their erosion, but even larger amounts may
have been derived from the ancestral Rocky Mountains to
the northwest and west.

Early in Permian time the sea invaded this region from
the south and transgressed northward with only minor or
local regressions until late Permian time.

REGION DEFINED

The region described here includes the northeast
quarter of New Mexico and the Texas-Oklahoma
Panhandles.

Major features that influenced Permian deposition
were formed earlier in the Paleozoic. The Palo Duro
basin, in the central part of the region, was separated
by the Matador arch from the west Texas Permian
basin early in Permian time but was connected north-
ward with the Dalhart basin. The Palo Duro was
separated from the Rowe-Mora basin, in the north-
western part of the region, by the Pedernal positive
element, the Sierra Grande arch, and the Bravo dome,

which were active early in this period. It was sepa-
rated from the Anadarko basin to the northeast and
east by the Amarillo uplift, the Cimarron uplift, and
the Keyes dome.

During Permian deposition, the sea entered this re-
gion from the south. Most of the detritus deposited in
the basins was derived from the ancestral Rocky
Mountains to the northwest and west.

PALEOGEOLOGY
UNITS UNDERLYING PERMIAN

In northeastern New Mexico and the Texas-Okla-
homa Panhandles, units directly underlying the Per-
mian System range from Precambrian to Pennsyl-
vanian (1450, pl. 2). Middle Paleozoic rocks are as-
signed only to geologic systems, whereas upper Paleo-
zoic rocks are assigned to provincial series in the sub-
surface and to groups or formations at the surface.

Rocks of Precambrian age lie directly under the
Permian in structurally positive areas, such as the
Pedernal positive element in central New Mexico, and
under rocks of probable Permian age on the Sierra
Grande arch and the Bravo dome of northeastern New
Mexico (fig. 19). In the Texas-Oklahoma Panhandles
many wells have penetrated Precambrian igneous rocks
ranging from acidic (granitic) to basic, the acidic type
is commonest (Totten, 1956, p. 1951). Small areas of
Precambrian igneous rocks directly underlie the Per-
mian in southern Roosevelt County, N. Mex., and east-
ward in Bailey, Cochran, and Lamb Counties, Tex.
(fig. 20). These are local high areas along the east-
ward-trending Matador arch. Another area of Pre-
cambrian rocks is along the arc formed by the Amarillo
uplift, which forms the southwestern limit of the
Anadarko basin.

Rocks of Silurian or Devonian age directly underlie
the Permian System in one borehole in central Roose-
velt County, N. Mex.

Assignments of rocks to the Pennsylvanian System
are based on paleontologic data in some places and on
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Ficure 19.—Tectonic elements of northeastern New Mexico and the Texas-Oklahoma
Panhandles in Late Pennsylvanian and Early Permian time. Based in part on Totten

(1956).
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Fraure 20.—Counties, towns, and geographic features of northeastern New Mexico and the Texas-
Oklahoma Panhandles referred to in text.
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lithologic similarity in others. Fusulinid reports from
the Paleontological Laboratory, Inc., Midland, Tex.,
have been used, insofar as possible, to separate the
Permian and Pennsylvanian Systems and to differen-
tiate the series within the Pennsylvanian System. Lo-
cally abrupt facies changes in Pennsylvanian rocks
make recognition of series difficult.

According to many geologists, the Permian through-
out most of this region is underlain by rocks of Virgil
(latest Pennsylvanian) age, including the provincial
Cisco Series; but Roth (1955, p. 437, fig. 12) believed
that all rocks beneath the Permian in more than half
of the region are older than Virgil. In a few parts of
the region lithologically similar rocks of definite pre-
Virgil age may occur but have not been differentiated
in mapping. Throughout the Texas—Oklahoma Pan-
handles and in eastern New Mexico, the Cisco Series
consists of red and gray siltstone and mudstone, coarse
sandstone, limestone, and dolomite.

A few boreholes on the northeast and southwest
flanks of the Amarillo uplift have entered siltstone and
limestone of probable Missouri age below the Permian.
Available data, however, are insufficient for locating
the boundaries of rocks of Missouri age on the paleo-
geologic map. These rocks occur only in small isolated
areas (I1-450, pl. 2).

In much of northeastern New Mexico, Pennsylvanian
rocks are assigned to the Madera Formation of the
Magdalena Group of Middle and Late Pennsylvanian
age and to the lower part of the Sangre de Cristo
Formation of Pennsylvanian age.

In outcrops on the east and south flanks of the
Sangre de Cristo Mountains in New Mexico, limestones
of the Madera Formation underlie the Sangre de Cristo
Formation, and fusulinids of the species of the genus
Fusulina in the highest marine rocks of the sequence
indicate a Des Moines age (Bachman, 1953) ; however,
in other places the Madera may include strata of Mis-
souri and Virgil age (G. O. Bachman, oral commun.,
1960). In the Coyote district of northeastern Mora
County the age has not been precisely determined, al-
though fossils suggest an approximate Middle Penn-
sylvanian or a post-Morrow age. In several boreholes
in De Baca County (Tschanz and others, 1958, p. 349~
350), limestone and silty mudstone of the Madera
Formation directly underlie Permian strata and con-
tain 7'riticites of probable Virgil age.

The upper arkosic member of the Madera Forma-
tion near the town of Pecos, in the area west of the
Sierra Grande arch, has yielded species of Fusulina
and 7'riticites characteristic of the Des Moines, Mis-
souri, and Virgil Series (Brill, 1952, p. 819). Upper-
most Pennsylvanian strata on the west side of the
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Pedernal positive element may be of the same age.
Northeast and east of this element Pennsylvanian rocks
may be, in part, of Missouri age.

The Sangre de Cristo Formation contains few fossils,
and its age is somewhat uncertain; however, it prob-
ably includes both Middle and Upper Pennsylvanian
and Lower Permian beds. Sangre de Cristo strata
underlying the Permian are considered to be of Virgil
age (I-450, pl. 2).

LOWER BOUNDARY OF PERMIAN
NORTHEASTERN NEW MEXICO

The boundary between the Pennsylvanian and Per-
mian Systems is difficult to recognize in this area. It
occurs within the Sangre de Cristo Formation (Hills,
1900) which, near its sources in the Sierra Grande
arch and the Bravo dome, is composed of red sand-
stone, siltstone, and coarse arkose. Southward this
formation grades into arkosic silty mudstone contain-
ing thin units of interbedded marine limestone.

Sparse fossils in the Sangre de Cristo Formation on
the south flank of the Sangre de Cristo Mountains indi-
cate either a Permian or a Late Pennsylvanian and
Permian age (Brill, 1952, p. 821). On the east flank
of the mountains, in the Coyote district of west-central
Mora County, brachiopods, pelecypods, crinoids, nau-
tiloids, and gastropods from limestone and siltstone in
the lower 950 feet of the formation all indicate a
Pennsylvanian age (Tschanz and others, 1958, p. 354).
In most other areas, however, the Sangre de Cristo
contains few or no fossils, so Pennsylvanian and Per-
mian components cannot be separated. The position
of the Pennsylvanian-Permian boundary is also in-
definite east of the Pedernal positive element, near
which both systems consist of red silty mudstone grad-
ing laterally into limestone containing some red mud-
stone, siltstone, and dolomite. In east-central New
Mexico, rocks in a few boreholes contain fusulinids for
which identifications are available from the Paleon-
tological Laboratory and from published reports by
Needham and Bates (1943), Bates and others (1947),
Wilpott and others (1946), and Dobrovolny, Summer-
son, and Bates (1946).

TEXAS-OKLAHOMA PANHANDLES

Paleontologic data for the Palo Duro or Plainview
basin and for the Hollis (Harmon) and Hardeman
basins of the Texas Panhandle are moderately abun-
dant, and in most places within the area the base of
the Permian is located near the bottom of a limestone
overlying a mudstone and siltstone sequence. In
places, however, the boundary is obscured by limestone
reefs of late Virgil age (Roth, 1955; Totten, 1956),
and in others the lithologic break does not coincide
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with the time line (Totten, 1956). The boundary is
also obscure on both flanks of the Amarillo uplift,
where arkosic siltstone and sandstone dominate both
Upper Pennsylvanian and lowest Permian rocks.

In the western part of the Anadarko basin the
Lower Permian and Upper Pennsylvanian rocks seem
to be more nearly alike than in the Palo Duro basin,
and lateral changes are not as abrupt. These rocks
are largely gray mudstone; minor amounts of gray
limestone and siltstone occur around the periphery of
the basin. Fossils are available in places to determine
the boundary.

The base of the Permian in the Dalhart basin, west
of the Cimarron uplift, is obscure because of the simi-
larity between Lower Permian and Upper Pennsyl-
vanian rocks and because paleontologic control is poor.

A widespread unconformity is believed by some
(Roth, 1949, p. 1672; 1955, p. 422; Totten, 1956, p.
1961) to be at the base of the Permian, but the in-
formation summarized above suggests that this is un-
likely (Read and others, 1944).

PALEOTECTONIC IMPLICATIONS

Most, if not all, major tectonic elements that influ-
enced sedimentation in northeastern New Mexico and
in the Texas-Oklahoma Panhandles early in Permian
time probably either were fully formed or had begun
to form by Middle to Late Pennsylvanian time. By
Early Permian time, these tectonic elements appar-
ently were fully formed or had passed their time of
maximum influence and were beginning a gradual
decline.

Major crustal instability before the end of Pennsyl-
vanian time is indicated in parts of northeastern New
Mexico on the paleogeologic map, but no extensive an-
gular unconformity is apparant at the base of the Per-
mian in the basins. On the other hand, local angular
unconformities directly below the Permian occur on
and near the Pedernal positive element, the Sierra
Grande arch, the Bravo dome, the western extension
of the Matador arch, and the Amarillo uplift.

The most active tectonic element in northeastern
New Mexico, at least in Middle and Late Pennsyl-
vanian and Early Permian time, seems to have been
the Pedernal positive element, which extended from
Torrance County southward through Lincoln and
Otero Counties, N. Mex. (figs. 20, 75). It is the only
positive element that was active in this region in late
Paleozoic time in which the Precambrian core is now
exposed at the surface. In Pennsylvanian and early
in Permian time great volumes of mud and some silt
were transported eastward from it into what may be a
westward extension of the Palo Duro basin. Likewise

PALEOTECTONIC INVESTIGATIONS OF THE
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much red mud, silt, and arkosic sand were deposited
north of the Pedernal element, but this detritus may
not have been derived solely from the Pedernal ele-
ment. Part of it may have come from the southern
extension of the Sierra Grande arch, which was also
active from Middle Pennsylvanian through Early Per-
mian time.

The Matador arch may have been active from Late
Mississippian until well into the Permian Period
(Totten, 1956), as indicated by small areas of Precam-
brian rock directly beneath Permian strata in southern
Roosevelt County, N. Mex., and eastward into Bailey
and Lamb Counties, Tex. In contrast, Lower Permian
rocks in east-central New Mexico, which are mainly
limestone and partly red mudstone, do not suggest the
presence of any nearby positive areas of high relief.

Major tectonic elements in the Texas-Oklahoma Pan-
handles, other than those discussed, are the Amarillo
uplift (fig. 19), which is a north-westward extension
of the Withita Mountains (Totten, 1956, p. 1963), and
the Cimarron uplift, which is a “series of elongate
anticlines, extending from the Keyes area of north-
eastern Cimarron County, Okla., southward through
western Sherman County and possibly into southern
Moore County, Texas.” These began to rise in Late
Mississippian time and were rejuvenated at different
times during the Pennsylvanian; uplift persisted to
some extent into Late Permian time (Totten, 1956, p.
1964).

INTERVAL A
FORMATIONS INCLUDED

Rock units assigned to interval A (1450, pl. 3) in
northeastern New Mexico and in the Texas-Oklahoma
Panhandles vary widely in composition and texture
and represent many facies; therefore, a complex no-
menclature has evolved.

Units included in interval A in northeastern New
Mexico are the Bursum Formation, the Abo Formation,
the Hueco Limestone, and upper part of the Sangre de
Cristo Formation. Units in the Texas-Oklahoma Pan-
handles have been designated by various names but are
here referred to as an unnamed limestone unit and the
overlying “Herington dolomite.”

NORTHEASTERN NEW MEXICO

West of the Pedernal positive element toward cen-
tral New Mexico (fig. 19), the basal unit is the Bursum
Formation. Here it is defined as dark-purplish-red
and green shale in beds as much as 40 feet thick sepa-
rated by thinner beds of arkose, arkosic conglomerate,
and gray limestone. A thin rubbly limestone consist-
ing of reworked material from the underlying Madera

Formation occurs locally at the base. Overlying lime-
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stone beds of the Bursum contain the fusulinids
Schwagering and T'riticites ventricosus of Wolfcamp
age (Wilpolt and others, 1946).

The Abo Formation of central New Mexico, west of
the Pedernal positive element, consists largely of red
mudstone but contains some sandstone, arkose, and
conglomerate (Needham and Bates, 1943). The lower
part of the Abo is of Wolfcamp age, but the upper part
contains plants considered by C. B. Read (in Wilpolt
and others, 1946) to be of Leonard age. The part of
the Abo that is assigned a Leonard age is about 100
feet thick in most places (C. B. Read, oral commun.,
1960).

The “Abo Formation” of middle eastern New Mexico,
east of the Pedernal positive element, does not resem-
ble the Abo to the west in age and lithology. It
grades into the Hueco Limestone to the south (Need-
ham and Bates, 1943, p. 1657; Bachman and Hayes,
1958, p. 692-697) and apparently also to the southeast
in De Baca and Roosevelt Counties. In the same
counties a unit directly above the Hueco Limestone, lo-
cally referred to the Abo, contains large amounts of
anhydrite and salt interbedded with red siltstone and
mudstone resembling that of the type Abo to the west.
This “Abo Formation,” however, is probably equivalent
to the lower part of the Yeso Formation, which over-
lies the Abo farther west.

The upper part of the Sangre de Cristo Formation
of Early Permian age extends from northeastern New
Mexico into the Dalhart basin of the northwest Texas
Panhandle. Basinward the formation is mainly red
mudstone. Near source areas, such as the Sierra
Grande arch and the Bravo dome of northeastern New
Mexico, the basal part of the unit consists of coarse
red arkosic sandstone and conglomerate and some red
mudstone. Higher in the section red arkosic detritus
persists, but the sandstone and conglomerate are finer
grained.

TEXAS-OKLAHOMA PANHANDLES

In the Palo Duro and Dalhart basins of the Texas-
Oklahoma Panhandles, interval A was described by
Totten (1956, p. 1961) as including, in ascending order,
an unnamed basal unit, an overlying unit which he
called the “Coleman Junction Limestone,” another un-
named unit, and the Brown dolomite. 'The relation of
his “Coleman Junction” of this area to the type Cole-
man Junction Limestone Member of the Putnam
Formation farther south is uncertain. The Brown
dolomite seems to be a southwestern continuation of
the “Herington dolomite” and is so designated in this
paper. Interval A below the “Herington” is here
termed the unnamed limestone unit.

Lower Permian rocks in the western part of the
Anadarko basin have been assigned to the Admire,
Council Grove, and Chase Groups, in ascending order
(Totten, 1956, p. 1961). This sequence, mainly of
limestone and some red mudstone and siltstone, has
been locally subdivided ; however, units of regional ex-
tent are not recognized. Here, as in the Palo Duro
and Dalhart basins, the rocks are designated unnamed
limestone unit and the “Herington dolomite.”

On the Amarillo uplift the basal rocks of interval
A are mainly coarse red arkosic sandstone, overlain by
the “Herington dolomite.”

UPPER BOUNDARY OF INTERVAL A
Rocks of interval A are overlain by younger Per-

mian rocks throughout the region except in small areas
near the present Pedernal Hills of central New Mexico.
CENTRAL AND SOUTHEASTERN NEW MEXICO

In central New Mexico, near the Pedernal positive
element, the top of the interval coincides with the con-
tact between the Yeso Formation and the conformably
underlying Abo Formation (Read and others, 1944).
Here, dominantly red siltstone is overlain by pink and
light-orange siltstone, the proportion of siltstone in-
creases, that of mudstone decreases, and both anhy-
drite and gypsum are more abundant upward.

In Lea and Eddy Counties, N. Mex., interval A con-
sists mainly of limestone of the Hueco. The upper
boundary is placed at the contact of limestone with
overlying dolomite and evidence in support of this
position is provided by paleontologic data. The con-
formably overlying unit in this area is the “Abo
Formation,” the basal part of which may be of Wolf-
camp age but most of which is younger.

The upper part of the Sangre de Cristo Formation
of northeastern New Mexico may include strata as
young as Leonard, judging from its lateral gradation
into the Abo and Yeso Formations (Baltz and Bach-
man, 1956, p. 101). The top of interval A in this area
is selected by projection of the contact between the Abo
and Yeso Formations from east-central New Mexico
and by projection of the “Herington dolomite”-
“Wichita Group” contact from the Texas-Oklahoma
Panhandles.

TEXAS-OKLAHOMA PANHANDLES

Interval A in the Palo Duro, Hollis (Harmon), and
Hardeman basins of the southern part of the Texas
Panhandle is easily recognized in most sections. The
overlying unit is the “Wichita Group,” which resem-
bles in some respects the underlying “Herington dolo-
mite” but includes distinctive green shaly mudstone.
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The “Wichita Group” of the Palo Duro basin grades
northwestward into the Dalhart basin from dominant
dolomite into unnamed arkosic red mudstone and silt-
stone partly equivalent to rocks assigned to the Sangre
de Cristo Formation in New Mexico.

In northeastern Texas-Oklahoma Panhandles and
across most of the Amarillo uplift, strata above interval
A are the Panhandle lime, equivalent to the Wellington
Formation in central Oklahoma.

PALEOTECTONIC INVESTIGATIONS OF THE

THICKNESS TRENDS

Interval A (fig. 21) thins regionally from southeast
to northwest. Its greatest thickness, which is approx-
imately 3,500 feet, is near the Texas-Oklahoma bound-
ary in the east-central Texas Panhandle.

In the southern part of the Texas Panhandle the
interval attains a thickness of 2,000 feet in a small area
near the east edge of the Palo Duro basin, from
whence it thins toward the Amarillo uplift and the
Bravo dome.

LITHOFACIES TRENDS

Interval A is mainly detrital in northeastern New
Mexico, where it includes coarse- to fine-grained red-
brown arkosic conglomerate and sandstone. A few
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thin limestone beds in the Sangre de Cristo Mountains
extend eastward a short distance into this red-bed se-
quence but are not evident on the map. East of the
present Pedernal Hills, red silty mudstone dominates,
but southeast of this area limestone containing only
minor amounts of red mudstone is present.

Interval A south of the Amarillo uplift in the Texas
Panhandle grades southward from a narrow band of
red muddy sandstone to limestone and dolomite con-
taining various proportions of mudstone and silty
mudstone north of the Matador arch.

SOURCES AND ENVIRONMENTS OF DEFPOSITION

Large amounts of red feldspathic detritus, including
gravel, were supplied to the areas around the Sierra
Grande arch and the Bravo dome of northeastern New
Mexico. This material was probably deposited in
deltas (Northrop and others, 1946). The occurrence
of thin limestone beds in the Sangre de Cristo Forma-
tion east of the present Sangre de Cristo Mountains,
indicates brief incursions of the sea (Tschanz and
others, 1958, p. 354). From the Pedernal positive
element eastward to the Texas-New Mexico boundary,
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Figure 21.—Thickness of interval A in northeastern New Mexico, Texas-Oklahoma Panhandles, and surrounding area.

Isopach intervals 100 and 500 feet.
penetrated by drill.
younger than interval A have not been penetrated.

Isopachs dashed where control is poor, dotted where Permian rocks have not been
Dark pattern, areas where rocks older than Permian are exposed; light pattern, areas where rocks
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depositional environments were successively fluvial, in-
cluding both river channel and flood plain, and marine.

Detritus shed by the Matador arch and the Amarillo
uplift of the Texas Panhandle was probably deposited
in a fluvial or deltaic environment.

The sources for detritus in the Dalhart basin, though
problematical, may have been the Bravo dome on the
west and the Cimarron uplift to the east. The ances-
tral Rocky Mountains, northwest of the region, may
also have contributed significant volumes of detritus.

PALEOTECTONIC IMPLICATIONS

Positive elements tectonically active in Middle and
Late Pennsylvanian time continued to influence sedi-
mentation very early in Permian time but were lower
in relief. Minor uplifts may have occurred in some
places, but the positive elements were gradually leveled
by erosion and buried by sediments. At the close of
deposition of interval A, most, but not all, of the
former positive elements were absent.

Positive elements that formed barriers between
basins at the beginning of Permian time included the
Pedernal positive element, the Sierra Grande arch and
the Bravo dome in northeastern New Mexico, and the
Cimarron and Amarillo uplifts and Matador arch in
the Texas-Oklahoma Panhandles.

The trough between the Pedernal positive element
and Cerrito del Lobo was probably the largest negative
tectonic element in northeastern New Mexico. Al-
though the boundary between the Permian and Penn-
sylvanian cannot be recognized with certainty in this
area, some evidence that interval A probably exceeded
1,300 feet in thickness is available. The western ex-
tension of the Palo Duro basin in east-central New
Mexico, and the Dalhart, Anadarko, Palo Duro, Hollis,
and Hardeman basins, of the Texas-Oklahoma Pan-
handles, all received moderate amounts of sediment,
and deposition probably was equal to or exceeded sub-
sidence. Filling of the basins accompanied destruc-
tion of the positive elements, so that by the end of
Wolfcamp time an extensive almost featureless south-
ward-sloping shelf had formed.

INTERVAL B
FORMATIONS INCLUDED

Rock units assigned to interval B in northeastern
New Mexico and in the Texas-Oklahoma Panhandles
(table 1) have marked vertical and lateral facies
changes, so that a varied nomenclature is msed for
them.

NORTHEASTERN NEW MEXICO

Interval B in northeastern New Mexico includes the
Yeso Formation, Glorieta Sandstone, and, west of

the Pedernal Hills, the San Andres Limestone. Also
included are the northward continuation of the “Abo
Formation” of southeastern New Mexico from Lea and
Eddy Counties, and the upper part of the Sangre de
Cristo Formation.

In central New Mexico, west of the Pedernal posi-
tive element (fig. 19), the basal unit of interval B is
the Yeso Formation. It consists of pink and vari-
colored mudstone, white to pink or orange siltstone,
gysum, and a small amount of thin-bedded limestone.

In eastern New Mexico the basal unit of interval B
is the “Abo Formation,” most of which is probably
younger than the type Abo Formation farther west.
The conformably overlying Yeso Formation resembles
the Yeso on the west side of the Pedernal Hills but is
younger and intertongues with the upper part of the
“Abo Formation.”

The “Abo” of eastern New Mexico is mainly dolo-
mite and partly red mudstone that decreases south-
ward. Fusulinid identifications indicate that it is of
Leonard age.

Traced northward, the Yeso Formation is progres-
sively more arkosic and intertongues with the upper
part of the Sangre de Cristo Formation (Dobrovolny
and others, 1946; Bachman, 1953).

The Glorieta Sandstone, above the Yeso Formation,
is easily recognized in both outcrop and subsurface.
East and north of an arcuate line from western Curry
and Quay Counties (Dobrovolny and others, 1946)
northwestward to a point near Ocate, it is absent.
Much sandstone in the upper part of the Yeso Forma-
tion resembles it, but the two units can readily be dis-
tinguished in most places. A sandstone unit in middle
eastern New Mexico and in the Texas-Oklahoma Pan-
handles that is commonly referred to the Glorieta and
whose position in the stratigraphic sequence is similar
to that of the Glorieta is designated “Glorieta Sand-
stone” in this paper. This sandstone is light to dark
red, poorly sorted, and friable and has angular grains,
whereas the typical Glorieta is mainly white to gray,
light yellow or light brown, moderately well to well
sorted, and well cemented. Typical Glorieta contains
medium- to well-rounded grains. The uppermost unit
of interval B is the San Andres Limestone in the area
west of the Pedernal Hills.

SOUTHWESTERN PART OF TEXAS PANHANDLE

In the southwestern part of the Texas Panhandle,
the basal unit of interval B is the “Wichita Group.”
In this area it consists of dolomite, anhydrite, and
small amounts of green mudstone. Progressively more
dolomite occurs to the southwest in the western part of
the Palo Duro basin. The typical Wichita Group of
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northern Texas, in contrast, is dominantly sandstone
with small amounts of siltstone and mudstone. The
“Wichita,” as referred to here, is equivalent to the
upper part of the Wichita Group.

The Clear Fork Group, which is equivalent to the
Yeso Formation, conformably overlies the “Wichita
Group” in the Texas Panhandle. The Clear Fork
Group is divided in ascending order into the Red Cave,
the 7ubb sand, the Cimarron Anhydrite, and an un-
named upper unit.

The Red Cave. consists mainly of red mudstone but
contains some beds of anhydrite. Its contact with the
Tubb sand cannot be recognized everywhere, so, in
places, all strata below the Cimarron Anhydrite are
called lower part of the Clear Fork Group in this
report.

The Tubb sand (sometimes called 7ubd zone) is
composed of anhydrite, salt, red mudstone, siltstone,
and sandstone. The proportion of evaporite rock is
progressively less from bottom to top. The Cimarron
Anhydrite, above the Tubb in most sections, contains
some dolomite.

The unnamed upper unit of the Clear Fork Group
consists of red mudstone, siltstone which contains some
anhydrite and salt, and a few thin beds of dolomite.
Locally, so much anhydrite and salt occur near the
base that the unit merges into the Céimarron Anhydrite.

The Clear Fork Group is overlain by the “Glorieta
Sandstone” of the southwestern part of the Texas Pan-
handle, which may be the same unit as that of south-
eastern New Mexico but not the type Glorieta Sand-

stone. In this area it is the uppermost unit of interval
B.

OKLAHOMA PANHANDLE AND NORTHEASTERN PART
OF TEXAS PANHANDLE

The Panhandle lime is the basal unit in the Okla-
homa Panhandle and the northeastern part of the
Texas Panhandle, especially in the western Anadarko
basin and the Hugoton embayment. It has been cor-
related with the “Wichita Group” (Totten, 1956, p.
1961) and is equivalent to the Wellington Formation
of central Oklahoma. It consists mostly of anhydrite
but includes dolomite and some red mudstone. The
Panhandle lime is conformably overlain by the Clear
Fork Group.

Divisions of the Clear Fork Group of this area re-
semble corresponding units farther southwest except
for a slightly greater amount of salt. The “Glorieta
Sandstone” conformably overlies the Clear Fork
Group, and above it, in this area, is the “Blaine
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Formation.” The “Blaine” differs from the Blaine
of the type section in that rocks equivalent to the Dog
Creek Shale and Flowerpot Shale have not been sepa-
rated from it. The “Blaine” is composed mostly of
anhydrite, but it contains small amounts of dolomite
and salt and local thin units of red mudstone. The
age of the “Blaine” may be nearly equivalent to that of
the lower part of the San Andres Limestone of south-
eastern New Mexico, but proof from fossils is lacking.

UPPER BOUNDARY OF INTERVAL B

Rocks of interval B are overlain by younger Permian
rocks throughout the region except in small areas near
the present Pedernal Hills of central New Mexico,
where they are overlain by rocks of probable Quater-
nary age.

NORTHEASTERN NEW MEXICO

In Central New Mexico, west of the axis of the
former Pedernal positive element, the boundary be-
tween intervals B and C is the conformable contact
between the San Andres Limestone and the Artesia
Formation (formerly called Bernal Formation in this
area). The contact is marked by a contrast between
the limestone, dominant in the San Andres, and the red
siltstone and red fine-grained sandstone of the Artesia
Formation.

In east-central and northeasternmost New Mexico,
east of the Pedernal positive element, the upper bound-
ary of interval B has been extrapolated from sections
in Lea and Eddy Counties, N. Mex. Here the interval
is overlain by the San Andres Limestone, whose base
may include some beds of Leonard age but the major
part of which is of Guadalupe age; therefore the entire
unit is included in interval C. The San Andres con-
formably overlies the Glorieta Sandstone and, to the
south and east, the “Glorieta Sandstone,” and it con-
sists mainly of dolomite, salt, and anhydrite as it does
farther south.

TEXAS-OKLAHOMA PANHANDLES

Interval B in the southwestern part of the Texas
Panhandle is easily recognized and, as in middle east-
ern New Mexico, is conformably overlain by the San
Andres Limestone of interval C. The criterion most
commonly used in this area for distinguishing between
the Clear Fork Group and the overlying San Andres
Limestone, where the “Glorieta Sandstone” is absent,
is the dolomite unit at the base of the San Andres.
Where this dolomite is absent or not easily recognized,
a decrease in proportion of salt and dolomite and an
increase in proportion of red detrital material in the
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San Andres is helpful in choosing at least an approxi-
mate boundary.

In the Oklahoma Panhandle and northeastern part
of the Texas Panhandle, interval B is conformably
overlain by the “Whitehorse Group.” The “Blaine” is
mostly anhydrite and contains minor amounts of dolo-
mite and salt, whereas the “Whitehorse” is dominantly
red siltstone and mudstone and contains some red
sandstone.

The “Blaine Formation” is the uppermost unit as-
signed here to interval B. The upper part of the
“Blaine,” however, may be of Guadalupe age, al-
though no fossils have been reported that support this
view. An alternative interpretation, excluding the
“Blaine” from interval B in this area, is, therefore,
shown in figure 22.

THICKNESS TRENDS

Interval B (fig. 23) thins regionally from southeast
to northwest. The greatest thickness of this interval
in east-central New Mexico, approximately 3,100 feet,
occurs in southern Roosevelt County, north of the
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Delaware basin. The interval thins westward, toward
the Pedernal positive element, and northward, toward
the Sierra Grande arch.

The greatest thickness of interval B in the southwest
part of the Texas Panhandle, approximately 2,700 feet,
is near the middle of the Palo Duro basin. From
here the interval thins greatly to the north and mod-
erately to the east. In the Hollis and Hardeman
basins the interval attains a similar maximum thickness.

In the northeastern part of the Texas Panhandle,
interval B is about 3,600 feet thick, but it thins north-
ward and northwestward to approximately 1,400 feet.

LITHOFACIES TRENDS

Interval B consists mainly of detrital rock in north-
eastern New Mexico, except in De Baca, Curry, and
Roosevelt Counties, where carbonate rock and evapo-
rite rock are dominant. The detrital rock north and
east of the Pedernal positive element is mainly me-
dium- to fine-grained, pink, orange, and red sandstone
and siltstone.

Southeast and east of the Sierra Grande arch, detri-
tal rock is progressively finer grained and consists
mostly of arkosic red beds. The uppermost part of
the intervai is light-colored nonfeldspathic siltstone
that resembles some of the Yeso Formation in central
New Mexico.

From northeastern New Mexico coarse detritus de-
creases southward and grades into red mudstone,
evaporite rock, and dolomite. Likewise southward,
from the Texas-Oklahoma boundary toward the south-
western part of the Texas Panhandle, interval B
grades from red mudstone and evaporite rock to
dolomite.

Along the Texas-Oklahoma boundary, red anhy-
dritic mudstone is dominant from northern Cottle
County eastward to northern Wheeler County. In
the northeastern part of the panhandles the rocks con-
sist of anhydrite and some red mudstone. In the
northwestern part, interval B consists largely of red
mudstone but. contains a small amount of anhydrite
and siltstone.

SOURCES AND ENVIRONMENTS

In northeastern New Mexico the periphery of the
northern part of the Pedernal positive element re-
ceived red feldspathic detritus at the beginning of
deposition of interval B but in smaller quantity than
during interval A. Whether the Pedernal positive
element continued to supply detritus until the end of
Leonard time is unknown, but the Yeso Formation
may have completely overlapped it. The history of
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the Sierra Grande arch is probably much the same as
that of the Pedernal element, except that the Sierra
Grande arch seems to have supplied detritus for a
longer time. Detritus in the Sangre de Cristo Forma-
tion derived from the Sierra Grande arch interfingers
with the Yeso Formation and possibly the Glorieta
Sandstone (Bachman, 1953).

Detritus from the Pedernal and Sierra Grande areas
was probably transported by streams of low gradient
and deposited on deltas or flood plains.

Seas invaded the middle eastern part of New Mex-
ico and the Texas-Oklahoma Panhandles during depo-
sition of interval B. The evaporite beds and, along
the south margin, the dolomite of the Texas-Oklahoma
Panhandles were deposited in shallow water. Mud-
stone interbedded with the evaporite units likewise was
deposited in a shallow sea. The detrital material in
the northwest probably came partly from the Sierra
Grande arch and partly from the ancestral Rocky
Mountains; the detritus along the Texas-Oklahoma
boundary probably came from the Wichita uplift in
western Oklahoma. The Amarillo uplift, on the other
hand, is overlapped by evaporites that were probably
deposited in very shallow seas, which suggests that this
positive element was not rising at the time of interval
B.

PALEOTECTONIC IMPLICATIONS

The only positive elements in northeastern New
Mexico that may have been active during Leonard
time were the Pedernal positive element and the Sierra
Grande arch. These were probably very low and may
have been buried by uppermost strata of interval B.
The Bravo dome and Matador arch, active earlier in
Permian time, were probably not uplifted during
Leonard time; nor were the Amarillo or Cimarron
uplifts.

In the Texas-Oklahoma Panhandles only the Ama-
rillo uplift apapears to have influenced deposition, and
this only by slight thinning of interval B.

The major negative features are the Hollis, Harde-
man, and Palo Duro basins, south of the buried Ama-
rillo uplift, and the Anadarko basin to the north.
These basins received more than moderate amounts of
sediment, but subsidence seems to have kept pace with
deposition.

After the destruction and burial of all the positive
areas and the rapid filling of all the basins by the end
of Leonard time, the surface of the south- to southeast-
ward-sloping shelf was much more regular than at the

end of Wolfcamp time.
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INTERVAL C
FORMATIONS INCLUDED

Rock units assigned to interval C in northeastern
New Mexico and in the Texas-Oklahoma Panhandles
(table 1) do not vary as greatly in composition as
‘those of intervals A and B. Vertical lithologic
changes are perhaps as abrupt as those in the lower
intervals, but less lateral variation results in fewer
changes of nomenclature from one area to another.

NORTHEASTERN NEW MEXICO

Included in interval C in northeastern New Mexico
are the San Andres Limestone and the Artesia Forma-
tion (or Artesia Group, where units within it are
distinguishable).

In northeastern New Mexico, west of the Pedernal
Hills, strata assigned here to interval C have until
recently been called the Bernal Formation (XKelley,
1949, fig. 2; Bachman, 1953). This formation, as orig-
inally described, is not present much farther west than
the west boundary of Torrance and Santa Fe Counties.
East of this boundary strata assigned to it have re-
cently been renamed the Artesia Group (Tait and
others, 1962, p. 504-517). The Bernal Formation is
at least partly equivalent to the abandoned Chalk Bluff
Formation, as previously used in southeastern New
Mexico.

Rocks in middle eastern New Mexico formerly in-
cluded in the Chalk Bluff Formation but now assigned
to the Artesia Group are divided into five units. They
are, in ascending order, the Grayburg, Queen, Seven
Rivers, Yates, and Tansill Formations.

The name Whitehorse Group, although still used in
the Oklahoma Panhandle and the Texas Panhandle
northeast of the Amarillo uplift, has been replaced in
northeastern New Mexico and the Texas Panhandle
southwest of the Amarillo uplift by Artesia Forma-
tion. Rocks of this unit form the upper part of inter-
val C, except locally in northeasternmost New Mexico
where the “Alibates Dolomite Lentil” of the “Quarter-
master Formation,” or a remnant of the “Quarter-
master” above the “Alibates,” overlies the Artesia
Formation.

The basal unit of interval C in middle eastern and
northeastern New Mexico, east of the Pedernal posi-
tive element, is the San Andres Limestone. It is com-
posed of limestone, dolomite, anhydrite, minor amounts
of salt, and, locally, some white to light-gray sand-
stone near the base. Limestone is less common and
anhydrite and halite more common toward the north-
east. Some of the sandstone near the base of the unit
has been confused with the Glorieta Sandstone.

The Artesia Group in middle eastern and southeast-
ern New Mexico consists of anhydrite, gypsum, sand-
stone, siltstone, dolomite, and limestone. The evapo-
rite rock is generally dominant; detrital rock is less
abundant and carbonate rock still less. In northeast-
ernmost New Mexico, however, the Artesia Formation
is composed of red mudstone and siltstone interspersed
with anhydrite.

The “Quartermaster Formation,” including the “Ali-
bates Dolomite Lentil,” is the topmost unit of interval
C in northeasternmost New Mexico. In a few places
the “Alibates” is directly and unconformably overlain
by Triassic rock, but at other places 3040 feet of red
mudstone overlies it and is included in the Permian.

TEXAS-OKLAHOMA PANHANDLES

Units assigned to interval C in the Texas-Oklahoma
Panhandles are the San Andres Limestone, the Artesia
Group, the “Whitehorse Group,” the “Quartermaster
Formation,” and the “Alibates Dolomite Lentil” of the
“Quartermaster.”

The San Andres Limestone in the southwestern part
of the Texas Panhandle is chiefly salt, anhydrite, and
dolomite and very minor amounts of red siltstone and
mudstone. Dolomite is concentrated in the basal part,
mostly in thin lentils, but some dolomite units are as
much as 300 feet thick. ILying with apparent uncon-
formity on the San Andres Limestone is the Artesia
Group (Tait and others, 1962, p. 504-517). The unit
consists of red siltstone and mudstone and minor sand-
stone, anhydrite, or gypsum. It forms the upper unit
of interval C.

The “Whitehorse Group” in the Oklahoma Pan-
handle and northeastern part of the Texas Panhandle
cannot be divided easily. The lower contact is the
base of interval C, and the upper contact is the top of
the “Quartermaster Formation.” For comparison of
this area with areas to the south and west where the
San Andres Limestone is included in interval C, see
figure 24, which shows both interval C and the under-
lying “Blaine Formation.”

Both the “Alibates” and the “Quartermaster” are
regarded by Totten (1956, p. 1961) as part of the
“Whitehorse Group,” but a hiatus of some magnitude
is considered by Roth (1955, p. 423) to separate the
“Whitehorse” from the overlying “Alibates” and
“Quartermaster.” The “Alibates” and overlying red
mudstone unit are missing in parts of the area.

The “Alibates” is correlated by some geologists with
the Rustler Formation farther south. If this correla-
tion is correct, then rocks of interval D and the Ochoa
Series occur in the subsurface in much of northeastern
New Mexico and the Texas-Oklahoma Panhandles.
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FiGure 24.—Thickness of interval C in northeastern New
Mexico and Texas-Oklahoma Panhandles.

According to other geologists, however, rocks of the
Ochoa Series do not extend north of the central part
of Roosevelt County (R. L. Bates, in Dobrovolny and
others, 1946, fig. 4; Totten, 1956, p. 1962) and the “Ali-
bates Dolomite Lentil” may correlate with parts of the
Tansill or Seven Rivers Formations (E. D. Clements,
oral commun., 1960).

North-south sections prepared during this study indi-
cate the presence of three to four separate units, all of
which have been called Alibates or Rustler Formation,
between the southern panhandles area and the Colo-
rado-New Mexico and Kansas-Oklahoma boundaries.
As Upper Triassic strata of the Dockum Group lie on
successively older Permian strata northward, each
unit to which the name Alibates has been applied lies
at the top of the Permian sequence at some locality, and
it seems unlikely that the Alibates of the northern
panhandles area is equivalent to the Rustler of the
southern panhandles.

UPPER BOUNDARY OF INTERVAL C

As interpreted in the preceding paragraph, rocks of
interval C are overlain by younger Permian rocks in
this region only from Roosevelt County, N. Mex., on
the west to the western part of Motley County, Tex.,
on the east. In other parts of the region rocks of in-
terval C lie at the surface or are overlain by rocks of
Late Triassic, Tertiary, or Quaternary age.

NORTHEASTERN NEW MEXICO

In southern Curry and Roosevelt Counties, N. Mex.,
the Tansill Formation of interval C is conformably

overlain by the Salado Formation of the Ochoa Series.
The Tansill and Salado are so similar in composition
in this area that it is difficult to recognize the interval
boundary, but a general key to recognition is the fact
that more salt and less anhydrite occur in the Salado
than in the Tansill.

Where Upper Triassic rocks overlie interval C, they
include white to light-gray sandstone and brownish-
red or purple mudstone and siltstone, in contrast with
the bright red or brick red of the Permian. Detrital
components of the Triassic rocks directly above the
Permian-Triassic contact are, in most sections, coarser
grained than those in underlying strata and in places
limestone-pebble conglomerate occurs.

TEXAS-OKLAHOMA PANHANDLES

In this area, interval C is overlain by younger Per-
mian rocks only in the Palo Duro basin in the south-
west corner of the Texas Panhandle, where the Rustler
Formation and the Dewey Lake Redbeds rest directly
on the Artesia Group.

THICKNESS TRENDS

Interval C (fig. 25) thins to the west, north, and
east from a maximum of about 2,500 feet in the Texas
Panhandle to an eroded edge along the east boundary
of Torrance County, and within central and eastern
Colfax County, N. Mex. In Cimarron and Texas
Counties, Okla., the interval thins to approximately
400 feet and in Beaver County, Okla., to about 200 feet.
An eroded edge occurs west of the Texas-Oklahoma
boundary, south of the Amarillo uplift.

LITHOFACIES TRENDS

In middle eastern New Mexico interval C consists
mainly of evaporite rock with some red mudstone, red
siltstone, and dolomite. Detrital rocks are dominant
only along the south and southeast flanks of the pres-
ent Sangre de Cristo Mountains.

In the southwestern part of the panhandles area,
south of the Amarillo uplift, interval C is composed
almost entirely of evaporite and red detrital rock. The
proportion of dolomite varies considerably from one

.area to another; mudstone in the south grades north-

ward into siltstone. The map of facies in the area
from Collingsworth County to Cottle County, Tex.
(I-450, pl. 5) is possibly misleading because only ero-
sional remnants of interval C are represented. North
of the Amarillo uplift interval C is almost entirely red
mudstone and siltstone.

SOURCES AND ENVIRONMENTS

Possible sources of detritus for interval C in north-
eastern New Mexico are the Pedernal positive element,
the Sierra Grande arch and adjacent low-lying areas,
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Ficure 25.—Thickness of interval C in northeastern New Mexico, Texas-Oklahoma Panhandles, and surrounding area.

Isopach intervals 100 and 500 feet.

Isopachs dashed where control is poor.

Dark pattern, areas where rocks older than

"Permian are exposed; light pattern, areas where rocks younger than interval C have not been penetrated.

and the ancestral Rocky Mountains to the northwest.
Sediments were probably deposited as deltas or pos-
sibly on mudflats by very low gradient streams.

Evaporite rocks in middle eastern New Mexico were
probably deposited on the margins of seas that trans-
gressed from the south. Inferred depositional en-
vironments, from south to north, include a marine
shelf, tidal flats, deltas, and flood plains.

PALEOTECTONIC IMPLICATIONS

Whether the Pedernal positive element and the
Sierre Grande arch were tectonically active in Gua-
dalupe time is not certain, but remnants of these ele-
ments were probably low landmasses that shed some
detritus. In general, the panhandles area was rela-
tively stable during Guadalupe time, as indicated by
paucity of coarse detrital rock and by widespread dis-
tribution of evaporite rock.

INTERVAL D
FORMATIONS INCLUDED
Rock units assigned to interval D occur only in the
southern part of the region—northeastern New Mexico

and the Texas Panhandle. They include the Salado
and the Rustler Formations and the Dewey Lake Red-

beds (formerly the Pierce Canyon Redbeds). The
Dewey Lake Redbeds are Permian in age, and they
are assigned to interval D in this paper.

The Salado Formation is the basal unit of interval
D in east-central New Mexico, but because of its sus-
ceptibility to leaching it is very thin in many places.
The formation is dominantly salt, but farther south in
Texas and New Mexico it contains anhydrite, mud-
stone, and sandstone.

The Rustler Formation consists mainly of dolomite
but in places contains much anhydrite.

The Dewey Lake Redbeds are composed dominantly
of siltstone and mudstone but contain small amounts
of gypsum.

UPPER BOUNDARY OF INTERVAL D

The upper boundary of interval D as used in this
paper is the contact between the Dewey Lake Redbeds
and the unconformably overlying Dockum Group of
Late Triassic age. This contact is difficult to recog-
nize along the south boundary of the area, but it is easy
to identify farther north where the basal part of the
Dockum Group contains relatively coarse material and
is various hues of brown and purple.
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THICKNESS TRENDS

Interval D (fig. 26) thins northward from the Per-
mian basin to a northern limit in central Curry
County, N. Mex., and along the south boundaries of
Deaf Smith, Randall, and Armstrong Counties, Tex.
The east edge is in central Briscoe and Floyd Counties,
Tex.

An irregularly shaped area in eastern Bailey, Lamb,
and Hale Counties, Tex., contains no strata of interval
D. This may be the result of leaching of the Salado
Formation, in addition to erosion of the Rustler
Formation and the Dewey Lake Redbeds before deposi-
tion of Upper Triassic strata.

LITHOFACIES TRENDS

Description of borehole samples adequate for the
preparation of reliable lithofacies interpretations in
this region are few, so lithofacies have been interpo-
lated locally. In general, interval D grades northeast-
ward from evaporite rock and red fine-grained detrital
rock to mainly detrital rock.

A dominance of carbonate rock in Curry and Roose-
velt Counties, N. Mex., and Parmer and Bailey Coun-
ties, Tex., probably reflects leaching of evaporite rock.

ENVIRONMENTS AND SOURCES

Because the area in which interval D is now present
has been subjected to leaching and erosion, lithology
of the remaining rocks may not indicate the environ-
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ment of deposition or the source of the detritus. Depo-
sition may have been in lagoons, embayments, and
flats bordering the north margin of a large basin; det-
ritus was probably transported from the north.

Inferences drawn for the Permian basin region prob-
ably apply to remnants of interval D preserved along
the southern part of the Texas Panhandle.

TOTAL THICKNESS OF PERMIAN ROCKS
THICKNESS AND TRENDS

Figure 27 shows the thickness of Permian rocks in
northeastern New Mexico, where a maximum of ap-
proximately 7,000 feet occurs in southern Roosevelt
County, north of the Delaware basin. In the Texas
Panhandle a maximum thickness of 7,500 feet occurs
in southern Hale County, north of the Midland basin,
and along the south limb of the Palo Duro or Plain-
view basin. In the Anadarko basin, in northeastern
Wheeler County, Tex., the Permian System exceeds
6,000 feet in thickness.

In eastern New Mexico Permian rocks thin north-
westward to a beveled edge near the present Pedernal
Hills. Other beveled edges lie along the south and
east flanks of the present Sangre de Cristo Mountains
and around the Sierra Grande arch.

Permian rocks are moderately thick on each flank
of a belt of thinning over the Amarillo uplift. Effects
of the uplift diminish northwestward so that the two
areas merge into a single basin. Rocks thin generally
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Fiaure 26.—Thickness of interval D in northeastern New Mexico and Texas Pan-

handle.
poor.

Isopach intervals 100 and 500 feet.
Dark pattern, areas where rocks older than Permian are exposed; light pat-

Isopachs dashed where control is

tern, areas where rocks younger than interval D have not been penetrated.
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area. Isopach intervals 100, 500, and 1,000 feet.
have not been penetrated by drill.

Isopachs dashed where control is poor, dotted where Permian rocks
Dark pattern, areas where rocks older than Permian are exposed; light pattern, areas

where rocks younger than Permian have not been penetrated.

northward to approximately 2,500 feet in southeastern
Colorado and southwestern Kansas. Permian rocks on
the Amarillo uplift are 3,000-4,000 feet thick.

PALEOTECTONIC IMPLICATIONS

Major positive tectonic elements that influenced sedi-
mentation throughout most of Permian time are the
Pedernal positive element and the Sierra Grande arch
in northeastern New Mexico and to a lesser degree the
Amarillo uplift in the Texas Panhandle. Major nega-
tive elements included a belt in middle eastern New
Mexico north of the Delaware basin, the Palo Duro or
Plainview basin in the southwestern part of the Texas
Panhandle, and the Anadarko basin in the northeast-
ern part of the panhandle.

Comparison of the total isopach map with maps of
each of the intervals indicates that the rate of move-
ment of the tectonic elements was by no means con-
stant through Permian time. The fact that detrital
rocks near the Sierra Grande arch and the Pedernal
positive element, for example, are coarser in interval
A than in overlying intervals indicates greatest move-
ment very early in Permian time. Moreover, although
the thickness of interval A in the Anadarko basin is

comparable with that of the same unit in the Palo
Duro basin, interval B is thicker in the Anadarko. A
greater thickness of interval C in the Palo Duro basin
may indicate greater sinking there than in the Ana-
darko basin during the same time, but greater subse-
quent erosion and leaching toward the north might also
explain this difference.

GEOLOGIC UNITS DIRECTLY ABOVE PERMIAN SYSTEM

The Permian System is unconformably overlain, in
much of northeastern New Mexico and the Texas-Okla-
homa Panhandles, by the Dockum Group (McKee and
others, 1959, p. 13-14, 21-22) of Late Triassic age. In
the northeastern part of the panhandles, however, Ter-
tiary rocks overlie the Permian. They are predomi-
nantly composed of white to pink medium to coarse
free quartz sand and scattered quartz pebbles, yellow-
ish-brown to reddish-brown mudstone, and white to
pink caliche. They appear to be reworked from Upper
Triassic rocks, which lie immediately to the west.

Quaternary strata unconformably overlie rocks of
Permian age in a small area in western Torrance and
southern Santa Fe Counties, N. Mex., west of the Ped-
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ernal Hills. These Quaternary deposits are mainly re-
worked medium to coarse unconsolidated red sand, silt,
and mud with scattered pebbles of varying composition
that were derived from Triassic, Permian, Pennsyl-
vanian, and Precambrian rocks exposed to the north,
south, east, and west.

PERMIAN SYSTEM IN THE UNITED STATES

Permian rocks are exposed in central New Mexico,
south, east, and north of the Pedernal Hills, and in
narrow bands along the east flank of the Sangre de
Cristo Mountains. They are also exposed in the south-
east quarter of the Texas Panhandle and along the
North Canadian River in Beaver County, Okla.
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PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

OKLAHOMA

By Marsorie E. MacLAcHLAN

ABSTRACT

Within its borders, Oklahoma (east of the panhandle coun-
ties of Cimarron, Texas, and Beaver) contains the major
parts of the Anadarko and Hollis basins, their eastern shelves,
and an intervening positive belt. These tectonic features, in-
herited from the Pennsylvanian Period, persisted into the
Early Permian.

The Permian System is represented by rocks more than
6,000 feet thick in the Anadarko basin and more than 4,000
feet thick in the Hollis basin. The Permian overlies rocks of
Virgil age everywhere except locally on the positive belt
where a thin section overlies the Precambrian. Permian rocks
record environmental changes from normal marine (interval
A), to restricted marine (interval B), to marine mudflat
(interval C-D) conditions. Rocks of Permian age are ex-
posed in parts of central and western Oklahoma. Rocks of
Pliocene and Quaternary age overlie the Permian near the
Texas State line.
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Ficure 28.—Counties, towns, and geographic features of
Oklahoma referred to in text.

REGION DEFINED

The part of Oklahoma discussed in this chapter ex-
tends from the central part of the State at the Penn-
sylvanian-Permian contact in outcrop (Miser, 1954) to
the east border of the Texas Panhandle (fig. 28). The
three counties of the Oklahoma Panhandle—Texas,
Cimarron, and Beaver—are not included.

This region (fig. 29) contains the eastern part of the
Anadarko basin and its eastern shelf, the Arbuckle
Mountains to the southeast, and the Wichita Mountains
to the south; it also includes the east half of the Hollis
basin south of the Wichita Mountains. Beyond the
limits of the region the Anadarko basin, which was a
major negative element of the Permian, extended into
the Oklahoma and Texas Panhandles, where it was
bordered by the Amarillo uplift to the south and the
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FiGure 29.—Tectonic elements of Oklahoma in Late
Pennsylvanian and Early Permian time.
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Cimarron uplift and Keyes dome to the west; to the
north it merged into the shelf or embayment of south-
western Kansas and Colorado.

PALEOGEOLOGY
UNITS UNDERLYING PERMIAN

Lower Permian rock in the Hollis basin and adjoin-
ing shelf in southern Oklahoma is underlain by rocks
of the Cisco Group of Late Pennsylvanian age. To
the north the Wichita Mountains stood above the sur-
face of deposition.

West of the Wichita Mountains, in the subsurface,
Permian strata locally rest on Precambrian. To the
north and east of the Wichita Mountains, the upper
part of the Pontotoc Group of Permian age rests on
Pennsylvanian rock of the lower part of the Pontotoc.
Farther north in the Anadarko basin, Permian rock is
underlain by that of Virgil age.

LOWER BOUNDARY OF PERMIAN

In much of Oklahoma the lower boundary of the
Permian System is not clearly defined. Continuous
deposition is recorded, as like lithologies are present at
the boundary between Pennsylvanian and Permian Sys-
tems. In the northern area the Brownville Limestone
Member of the Wood Siding Formation, as recognized
in Kansas, is considered the youngest Pennsylvanian
unit. However, this member is difficult to trace as it
is both underlain and overlain by thin-bedded lime-
stone and mudstone of similar character. Southward,
Upper Pennsylvanian and Lower Permian rocks be-
come clastic, and at the south edge of the Anadarko
basin coarse arkose obscures the systemic boundary.
In the eastern part of the Hollis basin, southwest of
the Wichita Mountains (fig. 28), uppermost strata of
Virgil age consist of limestone and mudstone, but
farther east they grade into predominantly detrital
rock and the contact is obscure.

PALEOTECTONIC IMPLICATIONS

Three types of tectonic features (fig. 29) were
prominent at the close of Pennsylvanian time. The
Wichita and Arbuckle positive elements, probably ex-
pressed topographically as an archipelago, were a
major source of sediment before Permian time. Lime-
stone of Paleozoic age and granite of Precambrian age
were probably extensively exposed at the end of Penn-
sylvanian time, as Lower Permian deposits contain
fragments of such rocks. Deformation of the north
front of the Wichita Mountains, begun in Pennsyl-
vanian time, probably continued into Early Permian
time.

The Anadarko and Hollis basins received much sedi-
ment during both the Pennsylvanian and Permian

PERMIAN SYSTEM IN THE UNITED STATES

Periods. East of these basins is a shelf that extends
from Nebraska to Texas, where Upper Pennsylvanian
strata are similar to those of Early Permian age.

INTERVAL A
FORMATIONS INCLUDED

The names given to rocks of interval A in Kansas
have been applied to rocks in northern Oklahoma and
as far south as the Wichita Mountains. In most of
southern Oklahoma, however, the nomenclature of
northern Texas is used (table 1). Another exception
is the type area of the Pontotoc Group next to the
Arbuckle Mountains.

In northern Oklahoma the lowest part of the Per-
mian is divided into the Admire, Council Grove, and
Chase Groups (pl. 8). Individual formations within
each group are shown in table 2 of chapter F' (p. 99);
the type sections of all but three are in Kansas. Sev-
eral of the limestone units are distinguishable in the
subsurface of northern Oklahoma, but farther south
group names are more applicable because of the in-
creased thickness of rocks and the presence of detrital
materials.

Directly north of the Wichita Mountains marine
limestone is thin, and the sequence consists largely of
arkose and other detrital rocks. The southern limit of
rocks to which the name Admire Group can be applied
is, therefore, difficult to determine. On the shelf to
the east thin limestone beds in Kansas grade southward
into sandstone in Oklahoma.

In the eastern part of the Hollis basin of southwest-
ern Oklahoma, rocks in the upper part of interval A
consist largely of limestone and are similar to those of
the Chase Group of the Anadarko basin. Detrital
rocks of the Wichita Formation are present east of the
Hollis basin.

In southern Oklahoma interval A is represented by
the Wichita Formation, which is composed largely of
sandstone and mudstone. The “t” bed of Miser (1954)
marks the top of the interval and is probably correla-
tive with the Coleman Junction Limestone Member of
the Putnam Formation of northern Texas. The lower
part of the Post Oak Conglomerate Member of the
Wichita Formation, adjacent to the Wichita
Mountains, may be of Wolfcamp age. This conglom-
erate is composed of granite, limestone, and rhyolite
porphyry boulders, derived from nearby Paleozoic and
Precambrian rocks. The boulders are probably prod-
ucts of an intensive orogenic movement of the Wichita
Mountains, in which activity that had begun earlier in
the Paleozoic ended at about the time of deposition of
the lowermost part of interval B.
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The upper part of the Pontotoc Group of Permian
age lies northeast of the Arbuckle Mountains. It is
composed of red-brown mudstone and arkosic sand-
stone and contains the Hart Limestone Member of the
Stratford Formation. The Hart is considered to be
the basal unit of interval A.

UPPER BOUNDARY OF INTERVAL A

The contact of the Herington Limestone Member
of the Nolans Limestone and its correlatives with the
overlying Wellington Formation is designated as the
upper boundary of interval A. On the State geologic
map (Miser, 1954) it extends as far south as Noble
County. In western Oklahoma this contact repre-
sents a transition from normal marine limestone below
to dolomite, anhydrite, and mudstone of the Welling-
ton Formation above.

The contact is also transitional in central Oklahoma,
along the eastern shelf. Limestone beds of interval A
are progressively sandier southward from the Kansas
border toward source areas in the Wichita and Ar-
buckle Mountains; thus, near the Arbuckle Mountains
the upper part of the Pontotoc Group and the overly-
ing Wellington Formation are mainly detrital. North
of the Wichita Mountains the top of interval A is in
the Post Oak Conglomerate Member of the Wichita
Formation. The Post Oak is thought to be equivalent
to the upper part of interval A and to the lower part
of the Wellington Formation of interval B. The in-
terval boundary is projected from surrounding areas.

THICKNESS TRENDS

The rocks of interval A thicken irregularly west-
ward from a beveled edge in central Oklahoma (fig.
30). This trend is modified near the Wichita
Mountains in the south-central part of the State.
North of the mountains the 1,500-foot isopach encloses
a roughly square basin where the rocks thicken ab-
ruptly from a faulted south margin to as much as
2,225 feet. Beyond, the rocks thin toward Kansas and
are less than 900 feet thick near the State border.

Southwest of the Wichita Mountains in the Hollis
basin, interval A is more than 1,500 feet thick. The
interval thins in southern Beckham County, across a
subsurface extension of the Wichita Mountain trend
that separates the Hollis from the Anadarko basin.
Directly north of the mountains thickness is 165-500
feet.

LITHOFACIES TRENDS

Interval A is composed of generally fine grained
sandstone, mudstone, and limestone., Small areas near
the eastern outcrop contain much sandstone. The area
north of the Wichita Mountains, where the thickest de-
posits lie, also contains the coarsest material, because
arkosic sediment derived from the mountains was
spread northward (fig. 31).

In Oklahoma the proportion of limestone increases
northwestward, although the Hollis basin to the south
also contains a moderate amount (pl. 3). A sequence
of alternating mudstone and limestone occurs between
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Frcure 30.—Thickness of interval A in Oklahoma.

and 500 feet.

Isopachs dashed where control is poor.

Isopach intervals 100
Pattern indi-

cates areas where rocks older than Permian are exposed.
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FiGurE 31.—Limit of arkose in interval A in Oklahoma. Major
source areas of arkose were Arbuckle and Wichita Mountains.

the east margin of deposition and the sites of limestone
accumulation.

SOURCES AND ENVIRONMENTS OF DEPOSITION

In the Anadarko and Hollis basins, where the rocks
of interval A consist of limestone, mudstone, and some
dolomite, deposition was in a marine environment.
Eastward, on the Oklahoma shelf, the mainly fine det-
rital material was probably deposited along the margin
of a fluctuating sea; the sequence consists, therefore,
of alternating offshore and nearshore deposits. In
south-central Oklahoma the Wichita positive element
that acted as a barrier between the basins was prob-
ably part of an archipelago that furnished detritus to
adjoining areas.

PALEOTECTONIC IMPLICATIONS

The Anadarko basin (fig. 29), site of greatest ac-
cumulation of sediments of interval A in Oklahoma,
subsided slowly. The basin had an approximately
square outline, from which minor lobes extended both
west and east. It became shallow northward toward
the Kansas embayment and eastward toward the shelf.
Three small relatively deep eastward-trending parts of
the Anadarko basin are evident near the south edge.
South of the basin was the Wichita positive element;
this was separated from the basin by faults.

In the eastern part of the Hollis basin, deposits thin
eastward toward the shelf and northward over the
subsurface extensions of the Wichita Mountains. This
positive belt was the source of a large volume of de-
tritus during Early Permian time.

PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

INTERVAL B
FORMATIONS INCLUDED

Formations between northern Oklahoma and the
Wichita Mountains assigned to interval B (table 1)
are, from oldest to youngest, the Wellington Forma-
tion, Hennessey Shale, Stone Corral Formation, Dun-
can Sandstone, Flowerpot Shale, Blaine Gypsum, and
Dog Creek Shale. The Wellington Formation, at the
base, includes all beds between the top of the Hering-
ton Limestone Member of the Nolans Limestone and
the base of the Hennessey Shale. The lower part is a
thick evaporite sequence, mostly anhydrite but includ-
ing some salt; the upper part is red mudstone contain-
ing small amounts of evaporite (fig. 32; I-450, pl. 19).
A few thin brown dolomite beds occur near the base
(pl- 8). The Wellington is more than 1,000 feet thick
in parts of the Anadarko basin.

The Hennessey Shale consists of 300-600 feet of red
mudstone, with tongues and lenses of sandstone, and a
few beds of gypsum. The Cedar Hills Sandstone
Member, at the top, is crossbedded, red, and lenticular.
Some of the sandstone is coarse arkose, and some, north
of the Wichita Mountains, is conglomeratic.

The Stone Corral Formation of Kansas extends for
a few miles into northern Oklahoma. It is a gray-
white anhydrite unit which contains some red mud-
stone and dolomite beds. The position of the Stone
Corral and the correlation of the Hennessey with the
Ninnescah Shale of Kansas suggests that the Cedar
Hills of Oklahoma is not the same unit as the Cedar
Hills of Kansas.

The Duncan Sandstone is white to buff, contains a
few dolomitic lenses separated by mudstone, and is
more than 100 feet thick. In many places it is coarse
grained and crossbedded.

The Flowerpot Shale, locally more than 400 feet
thick, is a red-brown mudstone with gray-green spots.
It includes interbedded gypsum, especially toward the
top. The Flowerpot also contains some thin bands of
gray shaly mudstone and some very fine grained
sandstone.

The Blaine Gypsum is more than 200 feet thick in
parts of western Beckham County and includes four
named gypsum members, interbedded with minor dolo-
mite, and red mudstone, some of which is gypsiferous
(Scott, G. L., Jr., and Ham, 1957, fig. 17). The Blaine
is thickest and most gypsiferous westward ; it is thinner
and is predominantly mudstone eastward. The con-
formable contact with the underlying Flowerpot Shale
is at the base of the Haystack Gypsum Member (Ham
and others, 1957, fig. 2).
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FiGurE 32.—Thickness of interval B in Oklahoma.
Isopachs dashed where control is poor.
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cates areas where rocks older than Permian are exposed.

The Dog Creek Shale, youngest formation of inter-
val B in Oklahoma, is a red-brown mudstone contain-
ing thin dolomite and gypsum beds. The Dog Creek
thickens from 10 feet near the Kansas line to 400 feet
in Blaine County, Okla. (Norris, 1951, p. 8). Its con-
tact with the underlying Blaine Gypsum is gradational
(Scott, G. L., Jr., and Ham, 1957, fig. 4).

East of the Anadarko basin and south of the Wich-
ita Mountains, interval B contains more sandstone and
less evaporite than to the west and north. Here the
sequence, from oldest to youngest, consists of the Wel-
lington Formation, Garber Sandstone, Hennessey
Shale, and El Reno Group. The El Reno Group in-
cludes the Flowerpot Shale (oldest), Blaine Gypsurn,
and Dog Creek Shale (youngest).

The Garber Sandstone is a coarse-grained red sand-
stone and sandy mudstone; the sandstone coarsens east-
ward. The formation is 400 feet thick.

North and west of the Arbuckle Mountains, forma-
tions in the El Reno Group are the Duncan Sandstone
and Chickasha Formation. The Chickasha consists of
300 feet of sandstone and mudstone. It resembles the
underlying Duncan Sandstone.

In southern Oklahoma, between the Wichita and
Arbuckle Mountains, the part of the Wichita Forma-
tion above the “t” bed of Miser (1954) is included in
mterval B.

UPPER BOUNDARY OF INTERVAL B

The upper boundary of interval B is at the base of
the Marlow Formation of the Whitehorse Group. In
northern Oklahoma Marlow sandstone is underlain by
bedded anhydrite and red mudstone of the Dog Creek
Shale. In southeastern Oklahoma the contact is
between orange-red sandstone and sandy mudstone of
the Whitehorse above, and sandstone and dark-réd
mudstone of the Chickasha Formation below.

THICKNESS TRENDS

Interval B thickens westward across Oklahoma from
an east edge that extends almost due south from cen-
tral Kansas to the Arbuckle Mountains, then west to
the Red River (fig. 32). In the Anadarko basin,
where the greatest thickness of the interval occurs,
more than 8,700 feet is present. In the Hollis basin
to the southwest more than 2,800 feet is present. The
interval thins eastward from these basins, and also
over the buried Wichita ridge. It is missing locally
around the Wichita Mountains. The interval’s thick-
ness between the Wichita and Arbuckle Mountains is
not known with certainty.

LITHOFACIES TRENDS

Fine-grained detrital rock dominates interval B, ex-
cept in parts of northern Oklahoma where it is inter-
bedded with evaporite rock. Elsewhere in Oklahoma
evaporite rock forms less than 20 percent of the in-
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terval. The vertical distribution of this rock is shown
on plate 3.

Coarse-grained detrital components are most abun-
dant along the Eastern shelf and near the Wichita
Mountains. North of the Wichita Mountains and
south of the Canadian River (fig. 28) sandstone is
masked by mudstone.

SOURCES AND ENVIRONMENTS OF DEPOSITION

Widespread thick anhydrite deposits (pl. 3) and as-
sociated red: beds of the Wellington Formation make
up the basal part of interval B in the Anadarko basin.
Eastward, on the shelf, red beds containing small
amounts of :sandstone are predominant in interval B,
whereas normal marine limestone characterizes in-
terval A in the same areas. During deposition the
change in sediment type was gradual; as a result
brown dolomite now separates normal marine lime-
stone of interval A from the evaporite rock that makes
up the lower part of the Wellington. Circulation of
water within the Anadarko and Hollis basins appar-
ently become more restricted than before, and the
water shallower.

The Hennessey Shale above the Wellington contains
mudstone-and some evaporite rock. The Hennessey
was probably formed as a nearshore deposit. Its basal
part contains tongues of coarse conglomerate made up
of granite pebbles derived from the Wichita Moun-
tains.

The Duncan Sandstone and the overlying Chickasha
Formation to the east formed in a deltaic environment
(Tussy delta) at the mouth of westward- and north-
westward-flowing streams, which drained source areas
to the east. Basinward equivalents (Duncan Sand-
stone, Flowerpot Shale, Blaine Gypsum, and Dog
Creek Shale of western'Oklahoma) contain evaporite
rock, evaporitic mudstone, and small amounts of dolo-
mite, apparently deposited in a shallow, restricted
marine environment.

The Blaine Gypsum includes thin dolomite beds,
ripple marked in part, which contain pelecypods,
brachiopods, and gastropods. The Blaine was probably
deposited in shallow water, where salinity varied with
depth fluctuations.

PALEOTECTONIC IMPLICATIONS

Major tectonic features of interval A persisted
through interval B. Greatest downwarping was in
the Anadarko basin, which continued to be asym-
metrical and to trend northwestward. The Hollis
basin continued to subside during interval B. The
Wichita and Arbuckle Mountains, prominent source
areas during the interval, contributed detritus from
older Permian and older Palezoic rocks.

PALEQOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

More sediments were deposited on the shelf and in
the basins during this interval than during interval A.
Interval B has been reduced in extent on the eastern
shelf because of beveling.

INTERVAL C-D
FORMATIONS INCLUDED

Rock units in Oklahoma included in interval C-D
(table 1) are, from oldest to youngest, the Marlow
Formation and Rush Springs Sandstone, both of the
Whitehorse Group, the Cloud Chief and the Quarter-
master Formations. The oldest formation of the
Whitehorse Group is the Marlow Formation, an
orange-red friable sandstone containing thin beds of
gypsum and dolomite, about 100 feet thick (Steven-
son, R. H., 1958, p. 41). In Stephens County this
formation contains the Verden Sandstone Member,
which is 15 feet or more thick and contains rounded
medium to coarse quartz sand. The youngest forma-
tion in the Whitehorse Group, the Rush Springs Sand-
stone, is even-bedded cross-laminated pink to orange-
red, fine-grained sandstone containing some feldspar
grains. It is 160-300 feet thick.

The Cloud Chief Formation consists of red mud-
stone and lenses-of gypsum and dolomite, some of
which are as much as 50-80 feet thick.

The Quartermaster Formation includes the Doxey
Shale Member, about 160 feet thick, and the Elk City
Member, 170 feet (Green, 1936, p. 1474). The forma-
tion is made up of red or maroon mudstone and red
to white sandstone. Its thickness has been locally
modified by slumping and leaching of the underlying
Cloud Chief Formation and Blaine Gypsum.

Clay-pellet conglomerate, locally present at the base
of the Whitehorse, and a sharp contrast in lithology
are both indications of unconformity between the Dog
Creek Shale and the Whitehorse Group.

UPPER BOUNDARY OF INTERVAL C-D

Rocks of interval C-D crop out across most of west-
ern Oklahoma, except toward the west where they are
overlain by rocks of Tertiary and Quaternary age
(1450, pl. 8). The Marlow Formation is exposed at
the east edge of interval C-D and the Elk City Mem-
ber of the Quartermaster Formation at the west
margin.

THICENESS TRENDS

Interval C-D thickens from less than 20 to more
than 1,400 feet toward the south edge of the Anadarko
basin (fig. 33). Thickness trends in Oklahoma are
difficult to evaluate because this interval has been ex-
tensively eroded. In many parts of the State only
remnants of lowest parts of the interval are preserved.
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indicates areas where rocks older than Permian are exposed.

LITHOFACIES TRENDS

Coarse-grained detrital rock near the exposed edges
of interval C-D grades into finer grained ruck toward
the center. Locally, anhydrite and gypsum form more
than 20 percent of the interval.

SOURCES AND ENVIRONMENTS

Orange-red friable sandstone, mudstone, and anhy-
drite of interval C-D contrast with red mudstone and
evaporite rock of interval B. During deposition of
interval C-D, Oklahoma was probably part of a vast
mudflat containing local evaporite basins and inter-
sected by channels. The Arbuckle Mountains to the
southeast (fig. 29) apparently provided most of the
detritus, although some was derived from the west,
even as far away as Colorado, and some may have
been derived from older Permian sedimentary rocks.

Fine-grained sandstone and mudstone of the Marlow
Formation may have been deposited on a mudflat bor-
dering the sea, and the Verden Sandstone Member
may have filled a channel in the mudflat. Marine
fossils (pelecypods and gastropods) incorporated in
the Verden are worn. The presence of fossils and the
shape of the unit are interpreted (Bass, 1939) as evi-
dence of sandbar origin. On the other hand, the char-
acter of crossbeds and ripple marks, a decrease in grain
size to the north, and presence of interstratified mud-
stone led some geologists (Evans, O. F., 1949, p. 94)
to regard stream-channel origin as more likely. The
Relay Creek Dolomite Beds at the top of the Marlow

is a widespread deposit which contains pink mudstone
possibly derived from volcanic ash falls.

The Rush Springs Sandstone is a crossbedded unit
which may have been deposited as dunes. However,
it contains a large percentage of authigenic feldspar
overgrowths, which suggests accumulation in a marine
environment. The Rush Springs may have formed as
dunes near a beach which was inundated periodically
(Ham and others, 1957, p. 54-55).

The Cloud Chief Formation contains as much as 90
feet of evaporite rock. This evaporite may have
formed in a more stable environment, extending across
a wider area, than did the relatively thin-bedded and
localized gypsum beds lower in the section. The over-
lying sandstone and mudstone of the Quartermaster
were deposited in an environment similar to that of
the Marlow.

PALEOTECTONIC IMPLICATIONS

Interval C-D in Oklahoma has been eroded to such
an extent that the history of tectonic activity during
its deposition can only be inferred in a very general
way. The interval is now thickest just north of the
Wichita Mountains and thins progressively northward
and eastward. These trends probably represent a final
stage of filling of the Anadarko basin in a tectonically
stable region. The presence of a small outlier of in-
terval C-D in Harmon County indicates that rocks of
this interval once extended at least that far south.
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TOTAL THICKNESS OF PERMIAN ROCKS
THICKNESS TRENDS

The zero isopach in Oklahoma is the exposed contact
between the Permian and older Paleozoic systems, ex-
cept in Carter and Love Counties (fig. 28), where the
contact is concealed by Lower Cretaceous rocks.
Westward thickening of Permian rocks results partly
from erosional beveling.

Isopachs near the east edge of the Permian are
sinuous and trend generally north-south. West of the
east margin they trend west, outlining the Anadarko
basin to the northwest and the east margin of the
Hollis basin to the southwest (fig. 29). These two
basins are separated by the Wichita Mountains.

The south edge of the Anadarko basin is delimited
by closely spaced westward-trending isopachs directly
north of the Wichita Mountains, where locally. more
than 6,500 feet of Permian rocks remains. In the
Hollis basin to the southwest, the Permian System is
locally more than 4,400 feet thick. Near the moun-
tains the thickness varies greatly. West from the
Wichita Mountains, Permian rocks thin across a sub-
surface extension of this positive element.

PALEOTECTONIC IMPLICATIONS

The Anadarko and Hollis basins actively subsided
during Permian time and received mainly marine de-
posits. The larger Anadarko basin did not have any
apparent hinge line. Sediments within it attained a
great thickness directly north of the Wichita Moun-
tain front and thinned progressively northward with-
out abrupt change toward Kansas and eastward
toward the shelf in central Oklahoma.

Between these two basins are the Wichita Moun-
tains, part of the larger Amarillo, Wichita, and Ar-
‘buckle positive belt. These mountains were probably
part of the archipelagic chain that supplied most of
the Permian sediment to Oklahoma. They therefore
were both barrier and source.

A gradual westward migration of the shoreline is
postulated because Permian rocks record a change in
the dominant lithologies of each interval. In western
Oklahoma a normal marine basin which received car-
bonate deposits during the time of interval A later
became an evaporitic basin. During the time of in-
terval B thick gypsum beds and interbedded mud-
stone accumulated there. Interval C-D includes the
youngest Permian strata in Oklahoma, deposited in
the most restricted basin. This interval comprises
evaporite rock, sandstone, and mudstone.

GEOLOGIC UNITS DIRECTLY ABOVE PERMIAN SYSTEM
UNITS OVERLYING PERMIAN

Permian rock is exposed across much of central
and western Oklahoma, except in a relatively small
area near the Texas and Oklahoma Panhandles where
Cenozoic strata (dune sand, Ogallala and Laverne
Formations) overlie it. Recent alluvium covers the
Permian along major stream courses.

Lower Cretaceous rock of the Kiowa Shale Member
of the Purgatoire Formation crops out locally in west-
ern Oklahoma. The extent of these exposures is ex-
aggerated on plate 8 of I-450 to show them at the
published map scale. Lower Cretaceous rock of the
Trinity Group is present south of the Arbuckle Moun-
tains, where it overlaps Lower Permian rock.

PALEOTECTONIC IMPLICATIONS

Successively younger strata are exposed westward
across Oklahoma. Tertiary rocks are still present in
western Oklahoma, though they have been removed
along major drainages.

The region was probably tilted down toward the
west after Permian time. The lack of Triassic rocks
in this area may be the result of a shift westward in
the position of basin subsidence during post-Permian
time (Tomlinson and McBee, 1959, p. 51). Erosion
during Triassic and Jurassic time is suggested by
Eardley (1951, pl. 11-1). A thick Cretaceous cover
is thought to have been eroded during Cenozoic time.
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PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

CENTRAL MIDCONTINENT REGION

By MerviLe R. Mupee

ABSTRACT

The Midcontinent region underwent nearly continuous depo-
sition throughout the Permian, which resulted in an accumu-
lation of as much as 3,400 feet of sediment in places. In
most areas Permian strata rest conformably on those of
Pennsylvanian age; locally they rest disconformably on rocks
as old as the Precambrian. Structural features that con-
trolled the kind and thickness of sediment that was deposited
were the central Kansas Permian basin, Hugoton embayment,
Las Animas arch, Apishapa arch, northeastern Colorado
basin, and the western Nebraska Permian basin. Most of
this sediment was derived from the ancestral Rocky Moun-
tains, Wet Mountains, and the Siouxia uplift. The Apishapa
and Sierra Grande uplifts were positive areas only during
the early part of the Permian.

Strata of the Midcontinent Permian were formed in epicon-
tinental marine, marginal, and continental environments. Dur-
ing the early part of the period, neritic deposits of the eastern
part intertongued with and overlapped deltaic and alluvial
deposits to the west. Later, alternating normal marine,
brackish-water, and continental environments persisted, but
still later the environment was dominantly nonmarine or
brackish water and, for brief periods, restricted marine.
During Late Permian time environments of deposition in
eastern Colorado included deltaic, alluvial, beach, eolian, and
restricted marine.

Three dominant structural trends of the Permian are con-
spicuous in the region: a northeast trend, represented by the
Las Animas arch; a northwest trend, in Kansas and south-
eastern Colorado; and an east trend, in northeastern Colorado
and western Nebraska. These trends and their associated
folds may be explained by a horizontal couple in which prin-
cipal force was transmitted northeastward on the Las Animas
arch.

Rocks directly above the Permian are of eight different
ages and include strata of both marine and nonmarine origin.
Across the region eastward from the Front Range in Colorado
successively younger beds overlap the Permian.

REGION DEFINED

The central Midcontinent region includes Kansas,
Nebraska, and eastern (Colorado. Permian intervals
A, B, and C-D are exposed in eastern and central
Kansas, along the east side of the Rocky Mountains in
Colorado, and in southeastern Nebraska. In Kansas
thousands of oil and gas exploration wells penetrate
the Permian; therefore, a large amount of data is

available. In eastern Colorado and Nebraska, explor-
atory wells are more widespread; they are only locally
concentrated (I-450, pl. 1). For the Midcontinent
region the nomenclature and data given here are as of
June 1957.

PALEOGEOLOGY
UNITS UNDERLYING PERMIAN

In the central Midcontinent region, Permian rocks
overlie Pennsylvanian rocks except in a few places
where they are disconformable on considerably older
rocks. As units underlying the Permian were not
studied in detail during this investigation, they are
differentiated only by systems on the paleogeologic
map (1-450, pl. 2).

In most of Kansas and adjoining areas, Pennsyl-
vanian rocks beneath the Permian belong to the Virgil
Series. An exception is in northwesternmost Ne-
braska, where Mitchell (1953, fig. 3) showed Permian
rocks disconformable on Pennsylvanian rocks of the
Missouri Series. Locally within this area Permian
rocks may overlie still older Pennsylvanian strata.

At two places in Cherry County, Nebr., Permian
rocks may rest directly on Precambrian rocks. Else-
where in this county they overlie undifferentiated
Pennsylvanian rocks which form a thin veneer on the
Precambrian (1450, pl. 2).

In eastern Las Animas County in southeastern Col-
orado, Permian rocks rest disconformably on undiffer-
entiated Ordovician and Silurian rocks (Maher and
Collins, 1952). Farther south, near the New Mexico
border, they overlie rocks possibly of Mississippian
age (I-450, pl. 2).

In the Apishapa uplift of southern Colorado, Per-
mian rocks rest directly on Precambrian igneous and
metamorphic rocks (Maher and Collins, 1952; Maher,
1958, p. 63, figs. 14, 15). Elsewhere along the Front
Range the Fountain Formation includes beds of both
Permian and Pennsylvanian age in conformable se-
quence (Maher, 1958; Maher and Collins, 1952;
Mitchell, 1953, fig. 1).

97
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LOWER BOUNDARY OF PERMIAN

In the outcrop belt of eastern Kansas, the top of the
Brownville Limestone Member of the Wood Siding
Formation is considered to be the boundary between
the Pennsylvanian and Permian Systems (Moore, R.
C., Frye, and others, 1958, p. 58; Moore, R. C., and
Mudge, 1956, iig. 1; Mudge and Yochelson, 1962).
“The lowest known occurrence of the Pseudofusulina
(Pseudoschwagerina) zone in Kansas is in the Five
Point limestone member of the Janesville shale” (R. C.
Douglass, written commun., 1956), about 85 feet above
the Brownville Limestone Member (Mudge, 1957, p.
115-116). The top of the Brownville, an arbitrary
boundary, is used in outerops because of its fauna and
ease of recognition.

This limestone member cannot be recognized in
many subsurface sections in central Kansas, but the
Pennsylvanian-Permian boundary can generally be
placed at the contact between the Admire Group, iden-
tified by lithology, and an underlying thick sequence
of Pennsylvanian limestone and interbedded gray
mudstone. The Admire Group is red and gray mud-
stone containing interbeds of sandstone, sandy shale,
mudstone, and thin-bedded limestone. Identification
of the Admire Group is facilitated by recognition of
the overlying Foraker Limestone, which in most places
contains chert nodules and abundant Early Permian
fusulinids.

In westernmost Kansas, in southeastern and north-
eastern Colorado, and in Nebraska the Pennsylvanian-
Permian boundary has been selected mainly on the
basis of lithologic correlation with the sequence in
central Kansas. The choice of boundary in north-
eastern Colorado and western Nebraska agrees with
fusulinid evidence supplied by the American Strati-
graphic Co. and by the Gulf Oil Co. The boundary in
subsurface sections in southeastern Nebraska can be
correlated with that in the outcrop belt as well as
with that in the subsurface in Kansas.

In a few places in the northern Front Range of
Colorado, selection of the systemic boundary by cor-
relation with the Kansas sequence has been supple-
mented by fusulinid data. Fusulinids throughout the
Ingleside Formation as defined by Butters (1913, p.
68) have been collected by Maughan and Wilson (1960,
p. 41-42) and identified by Lloyd Henbest as Early
Permian. At one northern Colorado locality, Will-
hour (1958, p. 19) found fusulinids of possible Virgil
(Late Pennsylvanian) age about 56 feet below fusu-
linids of probable Wolfcamp age. In that area the
boundary between the two systems is placed at the
base of the lowest limestone containing Early Permian
fusulinids.

In parts of southeastern Colorado the base of the
Permian is inferred to coincide with the base of a
sandstone and mudstone sequence that rests on massive
limestone beds containing fusulinids of Pennsylvanian
(early Virgil) age. In a few places this contact is
at the base of a fine- to coarse-gra:ned sandstone 50-
150 feet below the thin chert-bearing limestone beds
believed to be equivalent to the Foraker Limestone.
Correlations in this area are substantiated by fusulinid
data furnished by the American Stratigraphic Co. and
the U.S. Geological Survey for part of the strati-
graphic section at localities 293, 148, 157, 44, 192, 255,
65, 310, 364, 181, 267, 58, 381, and 382 (1450, pl. 1).

The sandstone discussed above may lie unconform-
ably on the Pennsylvanian System (Maher and Col-
lins, 1952; Fentress and others, 1958), but it seems to
be restricted to the Apishapa and Sierra Grande up-
lifts and the southern part of the Las Animas arch
(1450, pl. 16) and does not extend into western
Kansas and northeastern Colorado.

Along the southern Front Range and the Wet Moun-
tains of Colorado, an arbitrary boundary for the base
of the Permian has been selected on the basis of cor-
relation of dominant arkosic units with similar units
farther east (1450, pl. 16). This boundary is very
similar to that chosen by Maher (1958, figs. 13-15) and
is supported by additional, unpublished data compiled
by W. W. Mallory in 1959.

PALEOTECTONIC IMPLICATIONS

Many of the structural features that originated dur-
ing Pennsylvanian time remained prominent during
Early Permian time. Major features such as the Ne-
maha anticline, the Salina basin, the central Kansas
uplift (Lee and others, 1948, p. 138-139), the Las
Animas arch (Maher, 1945, p. 1663), and the Hugoton
embayment were in existence at the beginning of
Permian deposition..

The boundary between the Permian and Pennsyl-
vanian Systems in Kansas and central Nebraska has
been considered by some geologists to be a widespread
disconformity, but no evidence is available to support
this contention. The existence of such a disconform-
ity would imply tectonic activity, but the facies of
uppermost Pennsylvanian rocks seem to be very sim-
ilar to, if not identical with, those of the lowermost
Permian, and there is no evidence of pronounced bevel-
ing or truncation of the uppermost Pennsylvanian
beds. Apparently the boundary between the Pennsyl-
vanian and Permian Systems in Kansas and the east
half of Nebraska is a conformable contact.

Disconformities between the Permian and Pennsyl-
vanian Systems have been recognized in areas of local
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uplift in the westernmost part of the central Mid-
continent region, but these disconformities can be
traced, with reasonable accuracy, only short distances
away from such uplifts. The most apparent discon-
formity is in northwestern Nebraska, where Permian
strata rest on rocks of Missouri age (Mitchell, 1953,
p- 89). Similar relations have been noted in south-
eastern Colorado, where beds of late Virgil age are
absent as a result of pre-Permian erosion (Fentress
and others, 1958).

Along the Front Range and in southeastern Colo-
rado, deposition of coarse arkosic sediment began dur-
ing Early Pennsylvanian time and continued through
the time represented by intervals A and B of the
Permian (I-450, pls. 3, 4, 16). This sediment was
derived from the actively uplifted ancestral Rocky
Mountains, the Wet Mountains, and the Apishapa and
Sierra Grande uplifts (I-450, pl. 16). The amount
of detritus contributed by the two small uplifts was
minor compared with that contributed by the two
elevated ranges. In addition, the Siouxia uplift con-
tinued during Late Pennsylvanian time but seemingly
contributed very little, if any, first-cycle detritus
during Early Permian time.

INTERVAL A
FORMATIONS INCLUDED

In the central Midcontinent region, formations in-
cluded in interval A form three principal sequences.
Names of rocks in Kansas and eastern Nebraska
(tables 1, 2) follow the classification of Moore, Frye,
and others.(1951, p. 37-52), except those in the lower
part of the interval, which follow that of Moore and
Mudge (1956). In Colorado the nomenclature used
for rocks of interval A follows that of LeRoy (1946)
and of Maher (1954, p. 2234; 1958, p. 72, 73, figs. 13-
15). In northwestern Nebraska it is according to
Butters (1913) and Condra, Reed, and Scherer (1940).
Correlation between sequences within the region is
shown on table 1. It represents the interpretation of
the author but follows, in part, Reed (1955, unpub.
rpt.) and Maher (1954, p. 2234; 1958, table 1). The
problem of correlation of the Fountain Formation in
Colorado is discussed on page 98.

In Kansas and eastern Nebraska, formations of the
Admire Group and some of the formations of the
Council Grove and Chase Groups that are easily iden-
tified in the outcrop (table 2) are not recognizable in
well cuttings or on electric logs. The more easily
identified subsurface units of interval A are restricted
to the eastern two-thirds of Kansas and eastern one-
third of Nebraska. These are, in ascending order:
the Foraker Limestone, Red Eagle Limestone, Neva
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TaBLE 2.—Stratigraphic units of Kansas assigned to interval A

Group Formation Member
Herington Limestone
Nolans Limestone Paddock Shale
Krider Limestone
Odell Shale
Cresswell Limestone
Winfield Limestone Grant Shale
Stovall Limestone
Gage Shale
Doyle Shale Towanda Limestone
§ Holmesville Shale
8]
Fort Riley Limestone
Barneston Limestone Oketo Shale
Florence Limestone
Blue Springs Shale
Matfield Shale Kinney Limestone
‘Wymore Shale
Schroyer Limestone
Wreford Limestone Havensville Shale
Threemile Limestone
Speiser Shale
Funston Limestone
Blue Rapids Shale
Crouse Limestone
Easly Creek Shale
Middleburg Limestone
Bader Limestone Houser Shale
Eiss Limestone
Stearns Shale
Morrill Limestone
3 Beattie Limestone Florena Shale
& Cottonwood Limestone
g Eskridge Shale
(=3
© Neva Limestone
Salem Point Shale
Grenola Limestone Burr Limestone
Legion Shale
Sallyards Limestone
Roca Shale
Howe Limestone
Red Eagle Limestone Bennett Shale
Glenrock Limestone
Johnson Shale
Long Creek Limestone
Foraker Limestone Hughes Creek Shale
Americus Limestone
Hamlin Shale
Janesville Shale Five Point Limestone
‘West Branch Shale
£
-& Falls City Limestone
<

Onaga Shale

Hawxby Shale
Aspinwall Limestone
Towle Shale
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Limestone Member of the Grenola Limestone, Eskridge
Shale, and Beattie Limestone in the Council Grove
Group, and the Wreford, Barneston, and Nolans Lime-
stones in the Chase Group.

The Foraker is mostly massive gray chert-bearing
limestone with thin interbeds of gray mudstone; all
beds are very fossiliferous, and fusulinids are espe-
cially abundant. It is 50-100 feet thick.

The Red Eagle, like the Foraker, is a massive lime-
stone that locally contains chert, but it contains little
mudstone and few fossils. It is 20-100 feet thick.

The Neva Limestone Member of the Grenola Lime-
stone is a gray aphanitic limestone, ranging from
dolomitic to calcitic, that is about 20 feet thick. It
is most readily identified by its position beneath the
Eskridge Shale.

The Eskridge Shale is a mudstone unit 300-350 feet
above the base of the Wolfcamp equivalent; it is partly
red and partly red and gray. Its red rocks are gen-
erally the only ones in the Council Grove Group in
central and eastern Kansas. The Eskridge is 20-50
feet thick.

The Beattie Limestone is recognized in the subsur-
face by the Kansas Sample Log Service on the basis
of “weathered fusulinids in gray thin-bedded fossili-
ferous limestone.” Locally it is a cream-gray dolo-
mitic limestone. The Beattie is 8-24 feet thick
(Imbrie and others, 1959, p. 69).

The Wreford Limestone is composed of limestone
beds separated by mudstone. At the type section it
-1s mainly gray to gray buff, finely crystalline, fossili-
ferous, and chert bearing, but in western Kansas it is
dolomitic and noncherty. The unit is 20-50 feet thick.

The Barneston Limestone consists of the Florence
and Fort Riley Limestone Members, separated by the
Oketo Shale Member. The Florence Member at the
base, 30-70 feet thick, is the highest and thickest of
the widespread chert-bearing gray finely crystalline
limestones in the sequence. On the outcrop, and pre-
sumably also in subsurface, it is the youngest unit of
the interval to contain fusulinids. The Fort Riley
Limestone Member is mostly gray finely crystalline
dolomitic limestone or dolomite that is 50-100 feet
thick.

The Nolans Limestone is the uppermost unit of in-
terval A; it is divided on the outcrop into three mem-
bers. Only the uppermost unit, the Herington Lime-
stone Member, is identified in subsurface. The Nolans
1s generally a tan to gray, dolomitic limestone on the
outerop but is a finely sucrose chert-rich dolomite in
subsurface. It is 20-30 feet thick.

In westernmost Kansas and southeastern Colorado,
rock of interval A is dominantly a detrital sequence,
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whereas farther east. it is dominantly carbonate rock.
Subdivisions of internal A that are traceable in Kan-
sas cannot be recognized in most of southeastern Colo-
rado (Mitchell, 1953, p. 89; Maher and Collins, 1952),
although in Baca, Powers, aand Kiowa Counties the
Foraker Limestone is identifiable.

The group divisions used in Kansas outcrop areas
are applied to the subsurface rock of interval A in
western Kansas and eastern Colorado even though the
boundaries within the groups are not -easily
determined.

Near the Front Range and the Wet Mountains, rock
of interval A includes the upper part of the Fountain
Formation as defined by Maher and Collins (1952)
and Maher (1958, figs. 13-15). Northward along the
Front Range the Fountain Formation grades into or
interfingers with the Ingleside Formation (Thompson,
W. O., and Kirby, 1940, p. 143; Maughan and Wilson,
1960) ; the entire Ingleside is regarded as being Early
Permian in age (Maughan and Wilson, 1960, p. 42).

In north-central Colorado, subsurface strata of in-
terval A consist mainly of carbonate rock, dominantly
dolomite (I-450, pl. 3); however, thin beds of anhy-
drite are locally interbedded in the lower and middle
parts of the interval, and one or more evaporite beds
occur near the top. Locally this higher evaporite
rock is interbedded with dolomite or with red-brown
mudstone. Thin beds of sandstone and red-brown
mudstone are interbedded with carbonate rock at vari-
ous levels in interval A. Chert occurs as thin nodules
or lentils in two units. One cherty unit is a massive
dolomite bed about 100 feet above the base of the in-
terval which may be correlative with the Foraker
Limestone; the other is dolomite and limestone, low in
the upper third of the interval, which may be correla-
tive with the Florence Limestone Member of the
Barneston Limestone of Kansas.

Kansas nomenclature is used, where possible, in
northeastern Colorado and west-central Nebraska. In
places the Admire Group is represented by 50-100 feet
of dolomite with interbedded mudstone and sandstone;
locally, mudstone is predominant. The overlying
Foraker Limestone is a chert-bearing carbonate rock
(mainly dolomite) with some interbedded evaporite.
The interval from the Foraker up to and including the
Wreford Limestone consists mostly of dolomite and
interbedded mudstone; chert is locally present in the
upper part. The Barneston Limestone is a chert-bear-
ing dolomite, limestone, and dolomitic limestone unit.
The rest of the interval up to the top is composed of
dolomite and interbedded evaporite rock, mudstone,
and sandstone; the top dolomite is correlated with the
Nolans Limestone.
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In northwestern Nebraska interval A is divisible
into four lithologic units which can be tentatively
correlated with the Kansas section, as follows:

Unit Nebraska Panhandle Kansas
4_ . Anhydrite with some Upper part of Chase
dolomite. Group.
b S Dolomite with some mud- Lower part of Chase
stone. Group.
2 __ ... Anhydrite and dolomite with  Council Grove
much anhydrite toward Group.

north.

Dolomite and mudstone,
with local thin beds of
anhydrite, sandy mudstone,
and sandstone.

In the Nebraska Panhandle the units included in
interval A are assigned to the Broom Creek Group of

the Black Hills (Condra and others, 1940, figs. 13, 14).

UPPER BOUNDARY OF INTERVAL A

The top of interval A is widely traceable in all parts
of the central Midcontinent region, except in north-
western Kansas and southeastern Colorado. Strata
in interval A are mainly thick beds of carbonate rock
with some interbedded detrital rock. In contrast,
strata forming the lower part of interval B are largely
detrital with interbedded evaporite rock, but locally in
the lower part they contain one or more thin dolomite
beds. Bedded evaporitic rock occurs mostly, but not
entirely, above the boundary. In most places in south-
central Kansas the uppermost unit of interval A (the
Nolans Limestone) is a carbonate rock with nodules
of chert. Where chert is absent this bed is recognized
as the highest dolomite—20-30 feet thick—that over-
lies a gray mudstone. This dolomite is generally
about 250-300 feet above the base of the -easily
identified Barneston Limestone.

In northeastern Colorado and western Nebraska the
top of interval A is above a dolomite or anhydrite bed
(1-450, pl. 14£") in the fourfold sequence mentioned
previously. This boundary underlies red mudstone
that in places is sandy or contains some thin inter-
bedded anhydrite and small amounts of salt.

In the northwesternmost part of Nebraska, the top
of interval A is beneath beds of coarse-grained sand-
stone of interval B. In central and eastern Nebraska
it 1s on top of the first dolomite below the Stone Corral
Formation and beneath anhydritic mudstone with
interbedded anhydrite that constitutes the Wellington
Formation equivalent.

In western Kansas and southeastern Colorado, the
contact between intervals A and B is difficult to deter-
mine (Maher and Collins, 1952; Mitchell, 1958; Fen-
tress and others, 1958) and has been established arbi-
trarily by projection on sample and electric logs from

Admire Group.
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central Kansas and northeastern Colorado—areas
where it is more clearly defined. In much of the west-
ern area, the Stone Corral Dolomite and equivalents
(1450, pl. 14F) in interval B and the Foraker Lime-
stone and equivalents in the lower part of interval A
are extensive. Dolomite beds are more numerous and
persistent in interval A than in interval B or in
Pennsylvanian rock.

On the Apishapa uplift and the southern part of the
Las Animas arch, the upper boundary of interval A
is placed at the base of a coarse-grained sandstone unit
which may mark a disconformity. In Las Animas
and Huerfano Counties (I-450, pl. 16), an angular
unconformity at this horizon has been inferred, and
above it is a coarse-grained arkosic orange sandstone.

In southeastern Colorado, in counties west of the
eastern tier of counties and east of the outcrop along
the mountain front, interval A contains a higher per-
centage of mudstone than interval B, which is
dominantly sandstone (I-450, pl. 16).

THICKNESS TRENDS

The isopach map of interval A (fig. 34) shows many
significant trends, which are obscured in part by
Cenozoic erosion.

In Kansas, rock of interval A is 435 feet thick in
the northwest and as much as 1,000 feet in the south-
central part.

In northeastern Kansas, east of the Nemaha anti-
cline, Permian rock has been reduced to an outlier by
Cenozoic erosion (fig. 34). The northeast trend of its
structure is reflected by the outcrop pattern of Penn-
sylvanian rock in Nemaha and Pottawatomie Counties,
Kans., and in Pawnee and Johnson Counties, Nebr.

In southeastern Colorado there is a northeastward
thinning of interval A across central Kiowa and Chey-
enne Counties and, farther east, a southward thicken-
ing. Faulting may have been a cause of the abrupt
change in the thickness of interval A near the positive
area in northern Las Animas County (fig. 34).

In Dundy and Chase Counties, southwestern Ne-
braska, and in northwestern Kansas, thinning is ex-
pressed by isopachs in the form of a south-trending
reentrant. An especially noticeable reentrant is pres-
ent in the central part of Nebraska. Here, rock of
interval A thins southwestward, whereas in the north-
ern part of the Nebraska Panhandle it thins north-
ward. The configuration of the east margin of in-
terval A in Nebraska is the result of pre-Cretaceous
erosion (fig. 42).

LITHOFACIES TRENDS
In Kansas, carbonate rock dominates interval Aj;
some mudstone (I-450, pl. 3) roughly outlines the
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deeper part of the Permian depositional basin. A
significant reentrant in this facies, which trends north-
west, is in the west-central part of the State. During
deposition of the lower part of interval A this reen-
trant formed a small southeast-trending prong in east-
central Colorado. On the lithofacies map this con-
nection is partly masked by dominantly detrital rock
in the upper part of the interval. A lithofacies map
of the lower part would only show a narrow band of
dominantly carbonate reck across this area, connecting
the facies of basins on each side. This feature is inter-
preted as a low swale connecting the two basins. It
trends southeast and was formed at the northeast mar-
gin of a large delta that formed over the Las Animas
arch and across much of southeastern Colorado.

Near the large area of carbonate rock and grada-
tional with it is a narrow band containing mainly
mudstone with some limestone. This facies dominates
most of the eastern outcrop area in Kansas, except in
the southernmost part, where the edge of the carbonate
rock trends southeastward.

In the region of eastern Colorado, western Kansas,
and southwesternmost Nebraska, lithofacies patterns
differ from place to place along the Las Animas arch.
Near the Wet Mountain area dominantly arkosic
sandstone grades eastward into mudstone with some
sandstone, and, farther east, into mudstone. Else-
where along the arch and also in southeastern Colo-
rado, lithofacies include dominant sandstone and dom-
inant mudstone. In most of western Kansas and
southwestern Nebraska, mudstone is the main rock,
but some sandstone and limestone occur near the mar-
gins of the basin (1450, pl. 3).

In the basin of northeastern Colorado and adjacent
parts of Nebraska, interval A has not been penetrated
in many places, but most of it is apparently carbonate
rock. This rock forms a band around a central area
of combined evaporite and carbonate rock.

Lithologic variations in interval A result from dif-
ferences in environments of deposition, as is well il-
lustrated in Kansas by rocks from the top of the Wre-
ford Limestone, (the basal formation of the Chase
Group) to the top of interval A. They are analyzed
by means of carbonate ratios, relative abundance of
chert, mudstone ratios, relative abundance of sand-
stone, and variation in lithofacies on special maps
(pl. 4).

The proportion of carbonate rock to other lithologic
types varies greatly from one part of Kansas to
another. In south-central Kansas, carbonate rock
forms as much as 80 percent of interval A; but in
parts of western Kansas, less than 20 percent. Where
it exceeds 50 percent the rock is fossiliferous and
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cherty and is largely of marine origin. This carbon-
ate rock contains dolomite beds in almost all sections,
as shown by analyses that involve plotting the dolo-
mite-limestone ratio and the lowest occurrence of dolo-
mite in each section (pl. 4D, £, H).

Dolomite-limestone ratios for rock of interval A in-
dicate more than 50 percent dolomite in parts of north-
western and north-central Kansas (pl. 42) ; more than
25 percent in the west-central and central parts of the
State adjacent to the platform; and less than 25 per-
cent elsewhere, with none in southwestern and eastern
Kansas. The nondolomitic carbonate rock of the out-
crop changes to dolomitic limestone in the subsurface.

A fairly consistent trend from northwest to south-
east is shown in the position of dolomite above the
base of the Permian (pl. 4H). In parts of north-
western Kansas, dolomite beds occur as low as the
Upper Pennsylvanian, but in most places not below
the Foraker Limestone. From northwestern Kansas
(platform area) toward the southeast (basin area)
the lowest dolomite beds are progressively younger,
and in the central parts of the basin they are generally
not below the Florence Limestone Member of the
Barneston Limestone.

An analysis of the presence and quantity of chert
nodules and lenses in many of the beds of limestone in
interval A shows that the distribution of chert coin-
cides with the general configuration of the Kansas
Permian basin and is probably directly related to the
environment of deposition (pl. 4B). The chert, there-
fore, is assumed to have formed penecontemporane-
ously with the enclosing rock. In the central parts of
the basin, chert is common to abundant in many lime-
stone beds. Toward the northeast margin of the
basin, it occurs only in some beds, the Beattie, Wre-
ford, and Barneston Limestones. At the edge of the
platform, in western Kansas, chert is sparse, and on
the platform it is absent. Locally on the platform
the Foraker Limestone contains chert, but, in places,
it too is barren.

Mudstone ranging from dark gray to red brown
occurs at many levels. The ratio of red-brown to gray
units is related to the environment of deposition.
Dominantly red-brown mudstone (red brown: gray >
2:1) occurs only in the western part of Kansas.
Mudstone in which the ratio of red to gray is 1:1 ex-
tends over much of the central and eastern parts of the
area. Gray mudstone (gray:red brown=2:1) is
dominant in the central and southeastern parts of the
Kansas Permian basin (pl. 47).

The area of dominant red-brown mudstone, for rock
forming the sequence from the top of the Wreford
Limestone to the top of interval A, is generally similar
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to that illustrated for interval A (pl. 47, @). In the
southern and southeastern parts of the basin small iso-
lated areas contain mudstone in which the gray to red
brown ratiois 2 :1.

In the basin area of Kansas, gray mudstone beds
occur mostly between the base of the Council Grove
Group and the base of the Eskridge Shale. The thick-
est sequence of variegated mudstone is in the Chase
Group.

Thin coal beds are reported locally in the Eskridge
Shale and Stearns Shale of the Council Grove Group
in Lyon County (O’Connor, 1953, p. 10) and in Wa-
baunsee County (Mudge and Burton, 1959, p. 70).
There is also a thin lens of coal in the Eskridge Shale
in Morris County (Mudge and others, 1958, p. 10), and
thin widespread coal beds are common in the Admire
Group (Mudge and Yochelson, 1962).

In sandstone and in sandy mudstone of interval A
in Kansas almost all the quartz grains are fine to very
fine. Coarse-grained sandstone, some of which is ark-
osic, occurs in the upper part of interval A in Thomas
County and in the lower part of the interval in Hamil-
ton County. Most sandstone forms lenticular beds,
and some fills small channels. The occurrence of sand-
stone in interval A is shown on plate 4/. In the Ad-
mire Group in Kansas, sandstone and sandy mudstone
are widespread. In the Council Grove Group they
occur only in small areas in the western part of the
State. In the Chase Group they are widespread and
make up as much as 50 percent of the group in west-
ern Kansas.

Arkosic sandstone is dominant near the Front
Range, where it makes up the upper part of the
Fountain Formation. Northward along the outcrop
the upper part of the Fountain grades into the Ingle-
side Formation (p. 98).

PALEOTECTONIC INVESTIGATIONS OF THE

ENVIRONMENTS

Strata of interval A were deposited in epicontinental
marine, marginal, and continental environments. Ner-
itic deposits to the east intertongued with and over-
lapped deltaic and alluvial deposits to the west.
Shifting environments resulted in accumulation of
thick cyclical deposits, including both marine and non-
marine types in the Kansas Permian basin, extending
across much of Kansas and eastern Nebraska. This
basin contained many structural elements that con-
trolled the configuration of the depositional floor (p.
106). A platform area extended across parts of
western Kansas, eastern Colorado, and western Ne-
braska. Other structural elements that directly influ-
enced deposition of the facies of interval A in the
platform and basin-margin areas are the Las Animas
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arch, the Apishapa-Sierra Grande uplift, the north-
east Colorado Permian basin, and the Siouxana arch.

The Kansas Permian basin subsided periodically, as
the cyclical deposition of carbonate and clastic rocks
indicates. Predominantly detrital rock in the north-
ern part of the outcrop area represents deposition in
the shallower part of the basin, whereas carbonate
rock and gray mudstone in the southern outcrop area
represent deposition in somewhat deeper water. The
amount of agitation on the sea floor, inferred from
the character of the exposed strata, was greatest in the
northern area, as is shown by abundant intraforma-
tional breccia, conglomerate, ripple-marked and cross-
bedded sandstone and sandy mudstone, coquinas, de-
trital material associated with algal structures, and
biostromes (pl. 4/). The irregularity of the sea floor
is emphasized by the association of coarser clastic beds
with Precambrian highs and by the presence of thicker
mudstone units in intervening lows across the Nemaha
ridge. =

Evidence of a shallow-water environment in the
vicinity of three biostromes among rocks of interval A
has been presented by Mudge and Yochelson (1962).
A biostrome in the Funston Limestone is composed of
oolites believed to be of algal origin. It is locally en-
crusted with algal deposits. Detrital sediments, pos-
sibly produced by wave action, were deposited locally
on the flanks of the biostrome (Mudge and Burton,
1959, p. 85-86).

The possibility of a relation between biostromes and
the occurrence of oil and gas in this area has not been
studied in detail. However, the principal accumula-
tions of oil and gas are in the same area as biostromes
of the Funston Limestone and the Threemile Lime-
stone Member of the Wreford Limestone (pl. 4/).

Fossil plants collected from the upper part of a bio-
strome of the Wreford Limestone in Riley County
were identified by S. H. Mamay (written commun.,
1959) as being typical representatives of the Late
Pennsylvanian and Early Permian swamp flora. He
stated that the flora “consists of forms indicative of
environmental conditions closely similar to those in
which the Pennsylvanian coal flora flourished.*** a
mild, humid climate with little or no seasonal fluctua-
tion.” He further stated that “they show no evidence
of extensive transportation” and that “they were prob-
ably transported only a short distance, from their site
of growth in a coastal lowland environment into an
estuarine or lagoonal situation a short distance
offshore.”

The fauna of interval A consists mainly of fusul-
inids, but it also includes a variety of pelecypods and
brachiopods in the lower part. The most fossiliferous
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unit in outcrops is the Foraker Limestone. Little agi-
tation by waves and currents occurred during the early
stages of deposition of interval A (Mudge and Yochel-
son, 1962), and the environment must have been one of
relatively shallow warm clear marine water of about
normal salinity.

The environment of deposition of the variegated
mudstone in the Kansas basin is uncertain. In the
central part of the western Kansas basin some of the
red-brown rocks of the Lower Permian may be marine
(Moore, R. C., 1950, p. 9-10). Elsewhere the red beds
of this interval in Kansas were probably deposited on
a coastal flood plain and were the lateral equivalents
of gray mudstone and limestone in the basin. The
absence of fossils and the local occurrence of a few
thin beds of coal with the red beds support this concept.

The upper units of interval A grade from lower
beds formed under dominantly neritic conditions to
upper beds deposited mainly in brackish and restricted-
marine waters. Toward the end of accumulation of
interval A, the Kansas basin was shrinking, and shal-
low waters probably prevailed. The high proportion
of red-brown mudstone in the upper part of the inter-
val indicates that much of the area tributary to the
basin was exposed to oxidizing processes. The climate
was probably arid during deposition of this mudstone.

The platform area of eastern Colorado, western
Nebraska, and southeastern Wyoming contains the Las
Animas arch on its east border, the northeastern Colo-
rado ancestral Denver basin on its northwest border,
and the Apishapa-Sierra Grande uplift on its south
border. Environmental conditions that controlled
deposition of interval A differed along each of these
structural elements. The east edge of the platform
included a shoal area that received detritus mainly
from the positive Wet Mountains-Apishapa-Sierra
Grande area. Adjacent to this high area detrital sedi-
ment was deposited on deltas and flood plains, appar-
ently in one or more small basins that were period-
ically separated from the Kansas basin.

In northwestern Kansas and adjacent parts of Colo-
rado carbonate rock accumulated in relatively larger
proportions than to the northeast and southwest. This
carbonate rock possibly formed in a local swale that
at first periodically linked the Colorado Permian basin
with the Kansas basin. The swale was later obliterated
by an influx of detrital sediment across the arch from
the southwest, so that the whole arch area became a
shoal which may have been periodically exposed to
erosion.

The shallow Colorado basin is filled mostly with
normal marine deposits. Its east, south, and west
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margins are largely made up of argillaceous limestone,
whereas in the interior of the basin a higher propor-
tion of evaporite rock occurs. The two units of inter-
val A that contain evaporite rock are in the middle
and upper parts. They are interpreted as groups of
strata formed at times when the ancestral Denver
basin was a restricted sea. The barrier between this
basin and the Kansas basin may have resulted from
structural uplift of the Las Animas arch or from sedi-
mentation not necessarily related to uplift. In north-
western Kansas and adjacent parts of eastern Colo-
rado, strata in the stratigraphic position of the
evaporite rock of the ancestral Denver basin consist
mostly of sandstone and sandy mudstone. These were
derived from the southwest and very likely filled or
dammed the channel between the two basins.

In north-central and southeastern Nebraska, the
rocks of interval A have been penetrated by few wells.
Along the outcrop in southeastern Nebraska, these
rocks resemble those exposed in northern Kansas.
Their composition suggests that they were nearer shore
than those in Kansas, but how close the original shore-
line may have been is uncertain.

SOURCES OF DETRITUS

Many sources contributed detritus to the Kansas
basin during accumulation of interval A. The prin-
cipal sources for first-order sediments (derived from
crystalline rocks) were to the west, southwest, and
southeast. Those furnishing second-order sediments
(derived from older sedimentary rock) were to the
north, east, and southeast. The type of detritus and
the amount contributed from any one source area ap-
parently varied for different parts of the interval.
This is partly inferred from plate 4/. Interval A
comprises three groups of rock. In the lower group
(Admire) detrital rock is widespread; in the middle
group (Council Grove) it is of very limited extent;
and in the upper group (Chase) it is widespread only
in western Kansas.

Sandstone and sandy mudstone in the Admire Group
are extensive because detritus was transported from
several directions. The proportion of sandstone to
mudstone and carbonate rock along the outcrop in-
creases northward, implying a northern source for
rock of the northeastern part of the basin. The fact
that the percentage of sandstone is relatively small,
however, indicates that either the landmass of Siouxia
had low relief or streams eroding the landmass were
deriving detritus from fine-grained sedimentary rock,
possibly of Pennsylvanian age. A fine-grained-rock
source would account for the fine size of detritus in
interval A and for the similarity in composition of
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sandstone and sandy mudstone in this interval to that
of Pennsylvanian rocks (Mudge, 1956, p. 659).

Much of the sediment in southeastern Kansas was
probably derived from the south and southwest, as
suggested by R. C. Moore (1931, p. 255) and substan-
tiated by data compiled in this paper for Oklahoma
(p. 88). Sources of sediment deposited in the western
part of the Kansas Permian basin lay to the south-
west, west, and northwest; these source areas included
the Wet Mountains, ancestral Rocky Mountains, and
the Apishapa-Sierra Grande uplift area of southeast-
ern (Colorado. The presence of coarse-grained arkose
in southwestern Kansas and eastern Colorado suggests
that at least part, if not all, of the Apishapa-Wet
Mountains positive area was fairly high.

Sandstone and sandy mudstone are of small extent
in the Council Grove Group. In contrast, chert-bear-
ing limestone (Foraker), noncherty marine limestone,
and gray mudstone are more widespread than they are
in the groups above and below. Sources of the de-
tritus in this group were therefore low-lying areas.
The only sand deposited was near the source, which
was to the southwest.

The Chase Group contains thick widespread sand-
stone in western Kansas. This group is dominantly
mudstone in northern and eastern Kansas (pl. 4C). A
western and southwestern source area is suggested by
an increase in the proportion of detrital rock, some of
which in western Kansas is coarse grained.

Sandstone in the upper half of the Council Grove
Group and in the Chase Group along the Las Animas
arch was probably derived from the southwest. In
the area of the present Raton basin in south-central
Colorado, nonmarine red arkosic sandstone and inter-
bedded mudstone were supplied from the Apishapa
uplift to the north and from the Sangre de Cristo
Range and Wet Mountains to the west.

PALEOTECTONIC IMPLICATIONS

Structural elements in Kansas that affected deposi-
tion of interval A are summarized by Wallace Lee
(1956, p. 12) as follows:

A third period of deformation began early in Mississippian
time, culminated at the end of Mississippian time, and con-
tinued with decreasing emphasis until middle Permian time.
The most conspicuous structural feature of this period was
the Nemaha anticline, which divided the older North Kansas
basin, giving rise to the Forest City basin on the east and the
Salina basin on the west. The Central Kansas uplift and
the Hugoton embayment attained their maximum development
during this period. Arching of the central Kansas uplift
ceased with the downwarping of the salt basin in Wellington
time.

The position of the Nemaha anticline is apparent on
the isopach and lithofacies maps of northeastern
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Kansas where a narrow band of exposed Pennsylvanian
rock lies between a Permian outlier and the main area
of Permian rock (fig. 34). This pattern is a result of
post-Cretaceous erosion.

In southeastern Kansas local thickening of interval
A reflects an early origin of part of the Sedgwick
basin.

In northern and central Kansas general thinning of
the interval indicates that the southern part of the
Cambridge arch and the central Kansas uplift existed
early in Permian time. An irregular area of small
highs and lows is inferred from thicknesses determined
along the central Kansas uplift. This agrees in part
with the structural interpretation in reports by Wal-
lace Lee (1956, p. 12) and by Lee and Merriam (1954).
In Saline and eastern Ellsworth Counties a local area
of thickening may represent an initial stage in growth
of the Salina basin (Lee, 1956, pl. 9, p. 151-152).

The Kansas basin (fig. 34) seems to have intermit-
tently subsided during interval A time. The largest
volumes of sediment accumulated in the south-central
part of the State.

In southwestern Kansas subsidence of the ancestral
Hugoton embayment is indicated by thickening of
interval A.

In eastern Colorado the ancestral Las Animas arch
was active and influenced sedimentation during much
of Permian time (Rich, J. L., 1921). This arch “ap-
pears to have been accentuated by minor structural ad-
justments throughout late Pennsylvanian and most of
Permian time” (Maher, 1945, p. 1665). Interval A
thins only along the southern part of the Las Animas
arch, from southwestern Nebraska into southeastern
Colorado. A lithofacies belt, on the other hand, occurs
along the entire arch and shows that the element influ-
enced deposition throughout its extent.

The Apishapa—Sierra Grande uplift in southeastern
Colorado was probably a nearly stable low area which
shed only moderate amounts of arkosic sand during the
early part of interval A. The Wet Mountains area, in
contrast, was high, as it contributed much coarse ark-
osic sediment. An abrupt lateral change in the thick-
ness of interval A in the southeastern part of the State
(fig. 34) may reflect rapid uplift of the Apishapa—
Sierra Grande area during accumulation of the upper
part of the interval.

Deep erosion of the Apishapa—Sierra Grande posi-
tive area is indicated by removal of part of the older
Paleozoic rocks there (I-450, pl. 2; Maher and Collins,
1952, secs. A-C), but the north and northeast side may
have been downfaulted (Buehler, 1947). If there was
faulting, the last displacement was presumably before

the end of deposition of the interval, as the uppermost
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rock of interval A and also that of intervals B and
C-D overlap the uplift, without any displacement
(Maher and Collins, 1952, secs. A-C; figs. 84-86, this
paper).

In northeastern Colorado and western Nebraska iso-
pach trends do not indicate the ancestral Denver-
Julesburg basin, whose presence is suggested by facies
in that area. Apparently the basin was relatively
broad, shallow, and stable during much of the interval.

INTERVAL B
FORMATIONS INCLUDED

Three sequences of formations are represented in
interval B in the central Midcontinent region. In
Kansas, easternmost Colorado, and most of Nebraska,
the formations are those listed for the Leonard Series
by Moore, R. C., Frye, and others (1951, p. 38-41).
Interval B in east-central Colorado, east of the Front
Range and south toward the New Mexico line, is com-
posed of the Lyons Sandstone and the basal part of
the Lykins Formation as defined by LeRoy (1946).
The interval in north-central Colorado and western
Nebraska consists of the Owl Canyon Formation of
the Cassa G'roup as described by Condra, Reed, and
Scherer (1940) or the lower part of the Satanka Shale
of Maughan and Wilson (1960).

In Kansas the subdivisions of interval B recognized
in most subsurface sections are, in ascending order,
the Wellington Formation, Ninnescah Shale, Stone
Corral Formation, undifferentiated units between Stone
Corral and Blaine Formations, and Blaine Formation
and Dog Creek Shale undifferentiated.

In much of Kansas the lower part of the Wellington
Formation is largely red anhydritic mudstone inter-
bedded with anhydrite. The middle part of this unit
18 mostly red mudstone, anhydrite, and salt, termed
the “salt section,” and is the thickest and most wide-
spread salt-bearing unit in Kansas. The distribution
of salt-bearing strata of the Wellington Formation
(fig. 37) suggests the shape but does not indicate the
full extent of the Kansas Permian depositional basin.
The east edge of the salt originally extended farther
eastward but has been removed by erosion. The upper
part of the Wellington is mostly gray anhydritic mud-
stone interbedded with red mudstone.

The Ninnescah Shale is mainly red anhydritic mud-
stone which, in part of northwestern Kansas, contains
sandstone and sandy mudstone. Locally, as in south-
central and western Kansas, salt-bearing units are
interbedded with anhydrite and mudstone in the upper
part of the formation (fig. 38). The Ninnescah is as
much as 270 feet thick.
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Area in which salt is present
Boundary dashed where indefinite

150 MILES
]

o] 5|0 1([)0

Freure 37.—Distribution of salt of Wellington age in Kansas
and adjacent areas.

The Stone Corral Formation is the most conspicuous
layer in the subsurface Permian of Kansas. Along
the outcrop it is dolomite with dolomitic mudstone
(Merriam, 1957, p. 268, 269; Swineford, 1955, p. 47),
but a short distance downdip in the subsurface it is al-
most entirely anhydrite. In southern Kansas it is
largely anhydritic or dolomitic mudstone; farther west
it is dolomitic mudstone to pure anhydrite but locally
includes a dolomite bed; in the southwest it consists of
two beds of anhydrite separated by red mudstone
(Merriam, 1957, p. 268, 269). This formation is 6-
100 feet thick (Merriam, 1957, p. 274).

A minor disconformity has been recorded at the top
of the Stone Corral (Norton, 1939, p. 1774; Maher,
1946, 1947, 1948; Collins, 1947). The base of the Stone
Corral was also interpreted as a disconformity by
Norton, but not by Maher (1946), Collins (1947), and
Wallace Lee (1949).

In subsurface, rocks between the Stone Corral and
the Blaine differ lithologically. The lower strata (pos-
sibly the Harper Siltstone and Salt Plain Formation)
consist-mainly of red mudstone, in part sandy. The
upper strata (possibly the Cedar Hills Sandstone and
Flowerpot Shale) generally consist of red mudstone
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Ficure 38.—Distribution of salt of Ninnescah age in Kansas
and adjacent areas.

and many beds of sandstone and sandy mudstone. In
the north-central part of the State most of the upper
strata consist of sandstone and sandy mudstone; some
of the sandstone is very coarse. The sandstone seems
to lie disconformably on the mudstone, and it may be
a channel fill; elsewhere it is probably conformable.

Locally in western and southwestern Kansas as much
as 300 feet of strata beneath the Blaine Formation
(fig. 39) consists of salt interbedded with anhydrite
and mudstone.

The Blaine Formation is easily recognized through-
out the subsurface of Kansas, easternmost Colorado,
and parts of western Nebraska. The overlying Dog
Creek Shale is combined here with the Blaine Forma-
tion, as the two units are not easily distinguished in
subsurface sections. In northern Kansas and central
Nebraska these units are absent, possibly because of
pre-Jurassic erosion.

In Kansas the Blaine Formation is composed mostly
of gypsum and anhydrite (Kulstad and others, 1956,
p. 23). The outcropping Blaine also contains beds of
dolomite and red mudstone, and it is overlain by
maroon silty mudstone, dolomite, and dolomitic silt-
stone of the Dog Creek Shale (Swineford, 1955, p. 91).

PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

In subsurface the Blaine is dominantly evaporite rock
with some thin interbedded red mudstone (Collins,
1947; Maher, 1947; Lee, Wallace, 1953; and Edson,
1947).

The names applied to Permian rocks in easternmost
Colorado are the same as those applied in Kansas, but
many of the formations cannot be differentiated.
Rocks correlated with the Wellington and Ninnescah
consist mainly of red mudstone, in places interbedded
with sandy mudstone and sandstone. Locally in the
northeastern and southeastern parts of the State the
upper and lower parts of this unit contain salt beds
and mudstone with salt casts, interstratified with thick
beds of red mudstone and thin beds of anhydrite.
These rocks are assigned to the Sumner Group in the
southeast.

Near the Front Range in east-central Colorado,
sandstone equivalent to the Wellington and Ninnescah
Formations is included in the upper part of the
Fountain Formation. It is arkosic, and much is very
coarse, even conglomeratic. The coarse beds seem to
grade eastward, first into fine-grained sandstone, and
then into sandy mudstone and mudstone of eastern-
most Colorado (I-450, pl. 4).

EXPLANATION

Area in which salt is present
Boundary dashed where indefinite
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Ficure 39.—Distribution of salt of Nippewalla age in Kansas
and adjacent areas.
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The maximum western extent of the Stone Corral
Formation follows a line extending from east-central
Las Animas County northward through western Otero
and western Kiowa Counties, western Kit Carson and
eastern Washington Counties, and northeastward
through the central parts of Phillips and Sedgwick
Counties. West of this line a few subsurface sections
contain beds of anhydrite or dolomite that may be
equivalent to the Stone Corral. This dolomite has
been correlated with the contact limestone at or near
the top of the Fountain Formation along the Front
Range (Maher, 1953, p. 921; 1958, p. 72). In most
sample logs from eastern Colorado it is recorded as
mostly anhydrite, but it contains thin beds of dolomite
and locally consists entirely of dolomite.

Where the Stone Corral is absent in the southeastern
part of Colorado, its stratigraphic position is tenta-
tively placed below an arkosic sandstone that in many
places is conglomeratic (I-450, pl. 16). This sand-
stone underlies fine- to medium-grained orange sand-
stone called the Lyons Sandstone in reports by Maher
and Collins (1952) and Maher (1958, p. 72, figs. 13,
14).

In easternmost Colorado the interval from the top
of the Stone Corral to the top of the Blaine is in the
Nippewalla Group (Maher and Collins, 1952; Maher,
1958, p. 72-73; Collins, 1947). It is mostly red mud-
stone interbedded with sandstone, sandy mudstone, and
anhydrite. Locally in northeastern and southeastern
Colorado the upper part of this group contains inter-
bedded salt and anhydrite (I-450, pl. 4; fig. 39, this
paper).

In most of Kiowa and Crowley Counties and much
of northeastern Colorado a major anhydrite unit lies
near the middle of the Nippewalla Group. On elec-
tric logs this “stray” anhydrite leaves a record similar
to that of the Blaine. In Hamilton County, Kans.,
and part of Kiowa County, Colo., a “salt section” be-
tween the “stray” anhydrite and the Blaine forms a
distinctive electric-log unit (A. E. Dufford, oral com-
mun., 1956).

In east-central Colorado, sandstone and sandy mud-
stone constitute much of interval B below the Minne-
kahta Limestone or the Lykins Formation. Along
part of the Front Range, sandstone beds between the
base of the Lykins and the top of the Fountain Forma-
tion are called the Liyons Sandstone (Fenneman, 1905,
p. 58-59). The Lyons Sandstone at its type locality
1s about 370 feet thick (Thompson, W. O., 1949, p. 54),
consists almost entirely of well-sorted subangular
quartz grains, and is distinctively crossbedded; it con-
tains some channels, minute swash marks, rhomboid
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ripple marks, and possible bubble impressions or rain
prints (Thompson, W. O., 1949, p. 59-63).

The contact of the Lyons Formation with the under-
lying Fountain Formation is sharp and is probably an
unconformity (Van Horn, 1957). Crossbedding in
both formations makes it difficult to determine whether
a widespread disconformity exists (Van Horn, oral
commun., 1959).

The Lyons crops out northward from just south of
Colorado Springs; it thins and wedges out near the
Wyoming line (Thompson, W. O., and Kirby, 1940, p.
143; Maughan and Wilson, 1960, p. 37-38). Similarly
it wedges out in the subsurface eastward from the out-
crop to a point in eastern Morgan County. It has
been correlated with the “creamy sandstone” a few
miles south of Colorado Springs (Thompson, W. O.,
1949, p. 53-54).

Two distinct sandstone units in the subsurface in
southeastern Colorado have been considered strati-
graphically equivalent to the Lyons (1450, pl. 14;
Maher and Collins, 1952; Maher, 1958, p. 73, figs.
13-15). The lower is orange to orange-red fine- to
medium-grained sandstone that locally contains inter-
bedded red mudstone and some arkose. The upper
unit is pink to white, light-yellow, or light-orange,
fine- to medium-grainéd sandstone that contains some
coarse grains and locally near its base, conglomerate,
but no arkose. Only the upper sandstone unit is cor-
related with the Lyons Sandstone in this paper. A
north-trending geologic cross section from Las Animas
through Otero, Crowley, Lincoln, Elbert, Adams, and
Weld Counties indicates that the upper sandstone may
be continuous with the Lyons, and the lower sandstone
with the sandy mudstone and sandstone beds beneath
the Lyons. The generally northwest trend of the
lower sandstone unit suggests that it, rather than the
upper sandstone unit, may be equivalent to the “creamy
sandstone” of the Colorado Springs area.

In much of northeastern Colorado where the Lyons
Sandstone is thin or absent the section from the top
of interval A to the base of the Minnekahta constitutes
the lower part of the Satanka Formation (Maughan
and Wilson, 1960), or Owl Canyon Formation (Condra
and others, 1940, p. 6). Its rocks generally consist of
red mudstone in the lower part, and sandy mudstone
and sandstone, interbedded with red mudstone, in the
upper part. Along the Front Range the Satanka, or
Owl Canyon, contains much sandstone (Condra and
others, 1940, p. 6).

In southeastern Colorado a relatively widespread
unconformity occurs at the base of the lower sandstone
unit of the Lyons Sandstone (Maher and Collins,
1952). At and near the Apishapa uplift this uncon-
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formity appears to truncate the underlying units at a
low angle, cutting to and even through the Stone
Corral Formation. Other small disconformities prob-
ably occur between the lower sandstone unit and the
Stone Corral (1450, pl. 16), but they can be recog-
nized only near positive areas, and their areal extent
is not known (1450, pl. 16).

The Dog Creek Shale and Blaine Formation or
equivalent rock (uppermost units of interval B) are
recognized in most boreholes in eastern Colorado but
are absent near the Wet Mountain and Apishapa up-
lifts. The formation includes one or more beds of
anhydrite, generally with interbedded red mudstone,
and locally it contains thin dolomite at either the top
or base, or it consists entirely of dolomite.

In the subsurface east of the Front Range the lowest
anhydrite in the Lykins Formation, the lower lime-
stone of the Harriman Shale Member of LeRoy (1946,
p. 82), is correlated with the Blaine Formation to the
east. ‘This unit extends northward to northeastern
Colorado and southern and eastern Wyoming, where
it is correlated with outcropping Minnekahta Lime-
stone (p. 140). This correlation places the Blaine
slightly lower in the section than does that of Fentress
and others (1958, logs 4-6).

In westernmost Nebraska, rocks equivalent to the
Wellington Formation of Kansas are thin or absent
(Reed, 1955; Juilfs, 1953). Here strata correlative
with the Ninnescah are part of the Cassa Group of
Condra, Reed, and Scherer (1940, p. 45). These
strata are red sandy mudstone containing some inter-
bedded sandstone. The proportion of sand increases
toward the Black Hills. In the northernmost part of
Nebraska and in adjacent parts of South Dakota the
basal unit of this formation contains very coarse
grained conglomeratic sandstone.

The Stone Corral Formation is everywhere recog-
nized in the subsurface except in the westernmost part
of Nebraska and in northeastern Colorado, near where
it has apparently wedged out. It consists mainly of
beds of anhydrite a few feet to 50 feet thick.

Mudstone between the Stone Corral and the Minne-
kahta Formations is called the Opeche Shale in west-
ern Nebraska (Condra and others, 1940, p. 40; Reed,
1955). It is dominantly a red mudstone that is lo-
cally sandy and contains many beds of sandstone.
Where the Stone Corral is absent, rocks of the Opeche
cannot easily be separated from those of the Cassa
Group. In the central part of westernmost Nebraska
the upper part of the section is composed of the
Opeche Shale and the Cassa Group and contains as
much as 75 feet of salt and anhydrite.

PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

The Minnekahta Limestone is the uppermost unit
of interval B in westernmost Nebraska. In sample
logs this formation is recorded as all limestone, or all
dolomite, or limestone with interbedded dolomite. The
Minnekahta may correlate southward and southeast-
ward with the upper part of the Blaine Formation,
and part of the Minnekahta may correlate with the an-
hydrite beds of the Dog Creek Shale which overlie the
Blaine.

In northwestern Nebraska and near the South
Dakota line the Minnekahta Limestone is 50-100 feet
thick. It grades southward from limestone into a se-
quence of thin dolomite beds separated by thicker red
mudstone beds. The proportion of anhydrite also in-
creases southward.

UPPER BOUNDARY OF INTERVAL B

The upper boundary of interval B in the central
Midcontinent region is the top of the Dog Creek
Shale, which generally cannot be distinguished from
the Blaine Formation in sample and electric logs.

The contact of interval B with interval C-D is
regarded by many as conformable (Lee, Wallace,
1953; Collins,” 1947; Maher, 1946, 1947), but others
believe that it represents a major unconformity (Nor-
ton, 1939, p. 1802-1803). In two small areas in
Kansas—in southern Lane County (loc. 898, 1-450,
pl. 1) and in northeastern Finney County (loc. 893)—
the evaporite units of the Blaine Formation are
missing, probably because of wedging out rather than
erosion, as no unconformity is apparent. Correla-
tion with nearby wells indicates thinning of the
Blaine in adjacent areas. A red and gray fine- to
coarse-grained angular to subrounded sandstone at
localities 893 and 898 (I-450, pl. 1) occupies the
stratigraphic position of the Blaine, but this sand-
stone is equivalent to the Nippewalla at localities 449
and 487.

In eastern Colorado no unconformity is known be-
tween intervals B and C-D (Maher and Collins,
1952; Fentress and others, 1958), but the author
believes that there may be a local disconformity near
the Wet Mountain and Apishapa areas. In Las
Animas and Huerfano Counties and part of Pueblo
County, the Blaine Formation and some of the under-
lying beds seem to have been truncated. Across the
Apishapa uplift most of the Permian beneath the
base of the interval C-D is absent.

The contact between intervals C-D and B in Ne-
braska coincides with the top of the Minnekahta
Limestone and is probably conformable (E. C. Reed
and J. D. Juilfs, Nebraska Geol. Survey unpub.
repts., 1955, 1953).
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THICKNESS TRENDS

In eastern and northern Kansas and much of Ne-
braska, interval B isopach trends (fig. 35) are partly
controlled - by the effects of post-Permian erosion
(1-450, pls. 5, 10). In eastern Colorado, central and
southwestern Kansas and westernmost Nebraska, in-
terval B has not been subject to erosion and isopachs
indicate the original thickness.

Interval B thickens from 350 to 2,400 feet from
northwestern to south-central Kansas, a greater vari-
ation than in interval A (p. 101). A northwest-
trending belt of thickening in, the south-central part
of the State parallels the west side of the central
Kansas uplift and may be the axial trend of a basin
that existed during interval B. In the central part
of western Kansas, a south-trending belt of thinning
nearly coincides with the present axis of the Selden
anticline. Farther west interval B thickens into the
Hugoton embayment.

In northeastern Colorado interval B is of relatively
uniform thickness. Farther south the interval thick-
ens southeastward from 250 to 1,265 feet (fig. 35).
As in Kansas, the variation is greater than in interval
A. In this part of Colorado and nearby Kansas and
Nebraska, the interval thins near the axis of the Las
Animas arch, which in Permian time may have been
a hinge line where strata began to thicken eastward.

In Nebraska, rocks of interval B thin from 750
feet along the Kansas border to an edge beveled by
by Post-Permian erosion in the east-central part.

In southwestern Nebraska, adjacent to Colorado
and Kansas, the rocks thin northeastward near the
present axis of the Las Animas arch.

LITHOFACIES TRENDS

The apparent lithofacies pattern of interval B
shown on plate 4 of I-450 in central and northwestern
Kansas and all Nebraska except the Panhandle re-
sults from post-Permian erosion at various times dur-
ing the Mesozoic and Cenozoic.

In Kansas interval B consists of mudstone and some
salt and anhydrite; the greatest proportion of evap-
orite rocks is in the Wellington Formation. This
facies pattern closely coincides with the distribution
of salt of the Wellington and Ninnescah Formations
and is seemingly inherited from the dominant car-
bonate facies of interval A. Adjoining the salt
basin, interval B comprises mudstone and some
bedded evaporites.

Areas in which mudstone and some sandstone and
anhydrite are present are scattered through western
and central Kansas. This distribution reflects an
abundance of sandstone between the Stone Corral and
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the Blaine Formations. Along the eastern outcrop
area in Kansas the facies is dominantly mudstone.
According to Wallace Lee (1956, p. 116) the evapo-
rite beds “normally crop out in a belt trending
south from Osage and Saline Counties, but * * *
have been dissolved by surface waters for a distance
of 20 to 30 miles down dip.”

In northwestern Kansas and nearby Colorado,
lithofacies range from dominant sandstone, which in-
creases westward, to dominant anhydritic mudstone.

In Nebraska interval B consists mostly of detrital
rock ranging from sandstone to mudstone (I-450,
pl. 4); westward, however, anhydrite with included
salt in the upper part alters the lithofacies pattern.
In northwestern Cherry County sandstone is abun-
dant, and the lower part of the interval is con-

glomerate.
SOURCES AND ENVIRONMENTS

The sediment of interval B came from several
sources but mainly from two (I-450, pls. 4, 10A).
One was on the west near the present Front Range
and included the Wet Mountains, which supplied
most of the feldspathic debris (Swineford, 1955, p.
164). The Wet Mountains probably contributed a
major part of the detritus. Parts of the Apishapa
and Sierra Grande uplifts and of the ancestral Front
Range were positive areas during much of interval
B time and also contributed some sediment. A sec-
ond source was the Siouxia landmass, north and
northeast of the Kansas basin, which contributed
finer material than the Colorado sources.

Some of the feldspathic detritus in interval B
may have come from the south. Large rounded
quartz and chert grains scattered in finer sediments
in the upper part of the interval were derived from
isolated mountain uplifts to the south within the
basin according to Swineford (1955, p. 164-166). She
further stated that the coarseness of these sandstones
increases markedly into Oklahoma, that the large
quartz and chert grains are typical of second-cycle
orthoquartzites, and that the silicic detritus seems to
have been the product of erosion of Cambro-Ordo-
vician rocks.

The several depositional environments recorded by
rocks of interval B in the central Midcontinent region
were controlled by structural features.

In the Kansas depositional basin alternating open-
marine, brackish-water, and continental environ-
ments of the latest interval A persisted into early
interval B (Wellington Formation and Ninnescah
Shale). The environment later changed to domi-
nantly nonmarine or brackish-water; during many
brief intervals restricted-marine conditions prevailed.
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The basin was only periodically connected with the
open sea. During deposition of the Stone Corral
Formation (mainly evaporite), marine waters covered
Kansas, much of eastern Colorado, and southern Ne-
braska.

Following accumulation of the Stone Corral For-
mation much of the region was a broad alluvial flat,
but brackish-water conditions may have prevailed
in the Kansas Permian basin; waters from a south-
ern encroaching sea may have locally affected the
sediments (Harper Siltstone, Salt Plain Formation,
and Cedar Hills Formation). Conditions apparently
fluctuated many times between continental and
coastal. Abundant sandstone in north-central Kansas
may be marine coastal, stream, or wind deposits.
With only subsurface data to draw on, primary
structures in these rocks are not recognizable.

In the latter part of interval B time (Blaine),
restricted-marine conditions developed locally and
possibly alternated with brackish-water and alluvial-
flat environments that gradually became widespread.
Interval B thus records two major cycles of deposi-
tion and many small cycles. One major cycle is re-
corded by rocks that extend from the top of interval
A to the top of the Stone Corral Formation; the
second, by rocks that extend from the top of the
Stone Corral through the Blaine and Dog Creek
Formations. Each cycle closed with prolonged and
widespread deposition under restricted-marine con-
ditions.

Interval B environments in the platform area of
easternmost Colorado and westernmost Kansas are
relatively unknown. Along the Las Animas arch,
sediments were probably deposited under deltaic con-
ditions, which were periodically replaced by open-
marine, closed-marine, or alluvial-flat enviroments.
Part of the sandstone may have been deposited by
wind. Restricted-marine conditions existed during
accumulation of the Stone Corral and Blaine Forma-
tions. Between the times represented by these for-
mations, many small areas received restricted-marine
deposits.

Extensive deltas formed in east-central and north-
eastern Colorado during interval B time. Alluvial-
flats and small restricted marine basins, however,
were probably also formed during the early part of
the interval.

The lower part of the Lyons Sandstone near the
type section along the Front Range may have been
deposited on a beach; the upper part was probably
formed by the wind (R. F. Wilson, oral commun.,
1959). The presence farther south of coarse arkosic
sandstone lenses indicates periodic stream deposition
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that alternated with dune accumulations. The dunes
are inferred to have trended southeastward from the
type area, parallel to the seashore. After deposition
of the Lyons Sandstone, nonmarine and restricted-
marine environments, like those represented by the
Blaine and Dog Creek in Kansas, alternately pre-
vailed.

Environmental conditions were uniform over large
areas of Nebraska. A large delta covered much of
the area and was succeeded in the north by a flood
plain. In the western part of the State, deposition
in the ancestral Julesburg basin (Osterwald and
Dean, 1958) was mainly under restricted-marine con-
ditions alternating with brackish-water and flood-
plain environments. The upper part of interval B,
the Minnekahta Limestone, was deposited in normal
marine waters.

Environments of interval B in southern Nebraska,
as in northern Kansas, were alternating nonmarine,
brackish water, and restricted marine, followed by
normal marine, and possible beach, eolian, and stream.

PALEOTECTONIC IMPLICATIONS

Many of the tectonic elements that controlled depo-
sition of interval A persisted through the time of
interval B, and some new structural features also
formed during interval B (figs. 35, 41).

In Kansas a major depositional basin formed. The
volume of sediment it received was considerably
greater than that of interval A. The area actively
subsided during the interval, and a restricted-marine
embayment was formed. Rocks of interval B are
thick over the central Kansas uplift; this indicates
that at that time the entire region was part of the
Kansas basin. The Selden anticline, west of the
Kansas basin, is marked by thinning of interval B
rocks toward the south; the anticline originally ex-
tended farther into southern Kansas (Merriam, 1958,
fig. 1). West of the anticline the north-trending
Hugoton embayment originally extended consider-
ably farther north.

In southwestern Nebraska and adjacent Kansas
and Colorado theyLas Animas arch persisted as a
major structural feature, but farther south in east-
central Colorado it was not pronounced, although its
position is indicated by a break from the relatively
uniform platform into the basin on the east.

The low swale between the Kansas and Colorado
basins of interval A persisted into interval B (fig.
35). It is shown by a southeast-trending belt of
thinning that bends southward in Kansas into an
ancient anticline west of the Hugoton embayment.
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In southeastern Colorado the Apishapa uplift was
overlapped by progressively younger units of interval
B, and toward the end of the interval it was com-
pletely covered. Across the Apishapa—Sierra Grande
area, from Prowers County to the present mountain
front, six folds formed during interval B. The west-
ernmost syncline today forms the Raton basin. Here,
isopach trends may reflect erosion that occurred at
many times during the interval.

INTERVAL C-D
FORMATIONS INCLUDED

Rocks of interval C-D in Kansas, Nebraska, and
eastern . Colorado have been given different sets of
names according to area. The classification that has
been established in Kansas (Moore, R. C., Frye, and
others, 1951, p 37-38) has been extended into eastern
Colorado (Maher and Collins, 1952; Maher, 1946,
1947, 1948; Collins, 1947; Fentress and others, 1958).
Another set of names is used along the Front Range
in northern Colorado, near Denver and Boulder
(LeRoy, 1946, p. 30-42). A classification used far-
ther north along the Front Range combines termin-
ology from Colorado, Wyoming, and the Black Hills
(Lee, W. T., 1927, p. 10-12; Condra and others, 1940,
p. 6; Maughan and Wilson, 1960). Still another
classification is used in western Nebraska (Condra
and others, 1940).

Formations of interval C-D in Kansas and eastern-
most Colorado are, in ascending order, the White-
horse Sandstone, Day Creek Dolomite, and Zaloga
Formation. On the outcrop the Whitehorse Sand-
stone consists of about 270 feet of very fine grained
red sandstone and siltstone, and includes some mud-
stone and dolomite (Swineford, 1955, p. 92.) In
subsurface it is mostly red mudstone, red sandy mud-
stone, and red sandstone, with a few thin beds of
buff dolomite (Maher, 1947, p. 8; 1946, p. 2; Maher
and Collins, 1952), and, in southeastern Colorado, of
evaporite (Maher and Collins, 1952; I-450, pl. 5).

The Day Creek Dolomite is equivalent to the For-
elle Limestone (Maher, 1954, p. 2234) and the Glen-
non Limestone Member (LeRoy, 1946) of the Lykins
Formation. It occurs everywhere along the Front
Range in eastern Colorado except in the Raton basin,
near the Apishapa uplift and Wet Mountains, and in
the Canon City embayment. Like the Blaine and the
Stone Corral Formations of interval B, the Day
Creek is a widely traceable subsurface marker.

The Day Creek Dolomite in Kansas is uniformly
thin in outcrop but thickens in the subsurface to as
much as 120 feet (Swineford, 1955, p. 92). It is en-
tirely composed of anhydrite in some wells but com-
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prises two brown or pink dolomite beds separated by
red mudstone or anhydrite in others; in places it
consists of thin-bedded anhydrite and red mudstone
(Maher, 1947, p. 3). Where thickest, in northeastern
Morton County, it is mostly made up of anhydrite
(Maher and Collins, 1952, sheet 3).

The Zaloga Formation is red sandy mudstone, fine
red silty sandstone, and thin beds of anhydrite and
dolomite (Maher, 1946, p. 3; 1947, p. 3).

Farther west, in eastern and southeastern Colorado,
the Whitehorse Sandstone is principally red mud-
stone, siltstone, and sandstone (Maher and Collins,
1952) but includes thin beds of dolomite and evapo-
rite rocks. The Day Creek Dolomite is mainly dolo-
mite but in places is partly or wholly anhydrite. The
Taloga Formation in the subsurface is primarily red
mudstone, siltstone, and fine-grained sandstone (Ma-
her and Collins, 1952). Where exposed in a few
places in Baca County it is red to yellowish-brown or
buff mudstone, siltstone, sandy mudstone, and a few
thin beds of hard sandstone (McLaughlin, 1954, p.
81).

Along the Front Range and in the subsurface in
northeastern Colorado interval C-D forms approxi-
mately the lower half of the Lykins Formation and
includes all the Harriman Shale Member except the
lower limestone and mudstone beds, which are placed
in interval B. It also includes the Falcon Limestone
Member, the Bergen Shale Member, the Glennon
Limestone Member, and the lower part of the Strain
Shale Member. The upper contact of the interval
which is the top of the Permian of this area, is within
the Strain Shale Member.

In outcrops along the Front Range, rocks of in-
terval C-D are mostly red mudstone with two or
more widespread thin beds of limestone in the lower
part and locally thin beds of very fine grained sand-
stone and lentils of dolomite, limestone, and anhydrite
higher up. Many of the limestone beds contain con-
spicuously distorted wavy laminae (LeRoy, 1946, p.
30-42; Van Horn, 1957).

In the subsurface just east of the Front Range the
interval is much like that on the outcrop but includes
more beds of dolomite and anhydrite. Many of the
anhydrite beds are associated with or underlie dolo-
mite beds that are laterally equivalent to limestone
beds of the outcrop. The absence of anhydrite and
other evaporites along the Front Range may result
from leaching or from flowage shortly after deposi-
tion. These processes may have caused distortion of
the laminae in many of the limestone beds, thinning
of outcrop sections compared with nearby thicker
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subsurface sections, and local presence of breccia in
some limestone outcrops.

In most of Nebraska, interval C-D has been re-
moved by post-Permian erosion. It wedges west-
ward, and its original sequence is preserved in only
a few places. Where complete, the interval consists
of rocks equivalent to the lower part of the Spear-
fish Formation: the Glendo Shale, the Forelle Lime-
stone, and the lower part of the Freezeout Shale.
These units are mainly red mudstone and evaporite
rock with some thin beds of dolomite and, locally,
thin beds of very fine grained sandstone. In the
southern parts of Sioux and Dawes Counties, salt and
other evaporite rock make up as much as 90 percent
of the interval.

Eastward toward its beveled edge (fig. 36), inter-
val C-D is 200 feet thick, or less, and is mostly red
mudstone with some anyhydrite, sandstone, sandy
mudstone, and dolomite. It is traceable into part of
the Whitehorse Sandstone in Kansas.

UPPER BOUNDARY OF INTERVAL C-D

The upper boundary of interval C-D and of the
Permian System can be determined with reasonable
accuracy in the central Midcontinent region. Only in
north-central Colorado and locally in westernmost Ne-
braska, where rocks of Early Triassic age rest with
apparent conformity on the Permian, is the contact
difficult to place. There it is arbitrarily placed at
the top of a thin dolomite bed that lies about 90 feet
above the upper crinkled limestone of Colorado and
the Day Creek limestone of Nebraska. Reasons for
selection of this boundary are discussed elsewhere
(Mudge, in McKee and others, 1959, p. 10).

A thin dolomite bed that crops out on the east side
of the Front Range is used to mark the upper con-
tact of interval C-D. It does not extend as far south
as Denver (Broin, 1957, fig. 5, p. 18-19). In that
area and southward, the contact is arbitrarily placed
in a mudstone sequence about 100 feet above the @len-
non Limestone Member of the Lykins Formation.
This boundary is correlated with that in well logs
of the nearby subsurface, where mudstone units simi-
lar to those above and below the thin dolomite unit
to the north are recognized. South of the south
edge of the thin dolomite unit, the underlying mud-
stone beds are recorded in sample logs as orange and
orange-red siltstone and some mudstone. In places
this lower unit contains very fine grained orange
sandstone, with interbedded mudstone. The unit
above the horizon of the thin dolomite is described
as orange-red and red mudstone with traces of sand-
stone. This distinetion has not been made in the
outcrop.

PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

In southeastern Colorado sandstone of the Dockum
Group (Upper Triassic) rests disconformably on
rocks of interval C-D. In some places the Triassic
sandstone rests on sandstone of the Permian; there-
fore it is difficult to distinguish between rocks of these
two systems (McLaughlin, 1954, p. 85-96; Oriel and
Mudge, 1956, p. 20-21; Mudge, in McKee and others,
1959, p. 14). Grain size of the Dockum ranges from
fine to coarse; however, in the Permian of this area
the size of the grains rarely exceeds fine. Other cri-
teria used in distinguishing between Triassic and Per-
mian rocks are listed by Mudge (in McKee and
others, 1959, p. 3).

THICKNESS TRENDS

The thickness of interval C-D across most of the
central Midcontinent region is the result of post-
Permian erosion rather than original deposition (figs.
36, 42). In western Nebraska the original thickness
of all units of interval C-D is present; nevertheless,
the sequence in Colorado and Kansas, although in-
complete as the result of erosion, contains the great-
est thickness of rocks of this interval in the Mid-
continent region. In parts of northeastern Colorado
and westernmost Nebraska some of the thickness
trends have tectonic significance.

SOURCES AND ENVIRONMENTS

Deductions as to the origin, environment, and
source of rocks of interval C-D in the Midcontinent
region are difficult to make because of subsequent
erosion, but a few inferences are possible, as follows.

Rock of interval C-D is somewhat like rock of in-
terval B; it probably had a similar origin and en-
virominent of deposition and was deposited in partlv
enclosed basins that persisted from earlier Permia~
time.

Much evaporite was deposited in basins in the cen-
tral Midcontinent region as a result of the high-
salinity of the waters. The associated dolomite was
also deposited in a concentrated-marine environment.

In most of the central Midcontinent region, red
mudstone dominates interval C-D. The origin and
depositional environment of this rock remain contro-
versial because criteria normally used for environ-
mental interpretation, including fossils, are generally
absent. Some interbedded sandstone in the lower
part contains structural evidence of deposition in a
beach environment, and some in the upper part may
represent an eolian environment (E. K. Maughan,
oral commun., 1959).

The red beds of interval C-D in Kansas are prob-
ably primary deposits, according to Swineford (1955,
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p. 155). In describing the processes that formed these
rocks, she stated (p. 166):

an influx of fine feldspathic sand, perhaps both from the west
and south, produced the Whitehorse Formation. The supply
of medium-grained clastic material gradually diminished dur-
ing Whitehorse time, and montmorillonitic (bentonitic?) clays
were depositeq, as was also a thin persistent dolomite (Day
Creek). The poorly sorted sands and siits of the Taloga
formation suggest that incidence of slight instability and
perhaps the deposition of poorly reworked flood-plain mate-
rials before the Permian seas withdrew * * *,

Along the Front Range, beds of Permian lime-
stone, as interpreted from their meager fauna, were
deposited in a shallow sea that had freer circulation
than the areas in which dolomite was deposited to
the south and east.

The Lykins Formation may have been rapidly de-
posited under a uniform aqueous environment. Uni-
form bedding and lithology and continuity of the
limestone beds in the lower part of the formation
indicate deposition in a sea but not under normal
marine conditions according to LeRoy (1946, p. 47).

Deposition by sluggish streams and in short-lived
lakes on a broad nearly flat alluvial plain under un-
stable shelf conditions is postulated for some strata
of interval C-D over mwuch of the central Midconti-
nent region. Criteria for recognizing this type of
environment are summarized by Krumbein and Sloss
(1951, p. 372). Fluctuation between marine and non-
marine environments is indicated by the numerous
alternations of carbonate rock, evaporites, and non-
marine mudstone, and this suggests many episodes
either of epeirogeny or of eustatic change in sea level.

TOTAL THICKNESS OF PERMIAN ROCKS
THICKNESS TRENDS

Permian rock in the central Midcontinent region
ranges from a few feet to slightly more than 3,500 feet
in thickness (fig. 40). The maximum is in south-cen-
tral Kansas. Variations in thickness are partly caused
by post-Permian erosion and partly by differences
in amount of deposition. Where they are the result
of deposition the thickness trends are interpreted as
structural highs or lows. The positions of structural
elements that affected deposition of strata represent-
ing various intervals of the Permian (fig. 41) can be
determined from the isopach maps of each interval
and from lithofacies data.

Major structural elements that influenced sedimen-
tation are the central Kansas Permian basin, ances-
tral Hugoton embayment of Anadarko basin, ances-
tral Las Animas arch, ancestral Apishapa uplift, and
the ancestral Denver-Julesburg basin of northeastern
Colorado and western Nebraska (fig. 41).
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PALEOTECTONIC IMPLICATIONS

Three dominant structural trends are conspicuous
on the map of present and Permian structures in the
central Midcontinent region (fig. 41). One of these
trends, along the Las Animas arch, is northeast; a
second, in Kansas and southeastern Colorado, is
northwest; and a third, in northeastern Colorado and
western Nebraska, is east.

The pattern of structural trends of pre-Permian
origin shown in figure 41 is recognized in trends of
interval A. Two principal elements—the ancestral
Nemaha anticline and ancestral Las Animas arch—
trend northeast. The Nemaha anticline is the most
striking structural feature of post-Mississippian fold-
ing (Lee, Wallace, 1956, p. 144, 149) and was active in-
termittently during Pennsylvanian and Permian time.

Major folds in Kansas that trend northeast, par-
allel to the Nemaha anticline, intersect at nearly right
angles other folds that trend northwest, parallel to
the central Kansas uplift. This right-angle change
in trend of folds seems to have been caused by
contemporaneous movements. The break in the
Nemaha anticline, which results from intersection by
the Salina basin syncline in Chase and Marion Coun-
ties, persisted into Early Pennsylvanian time (Lee,
Wallace, 1956, p. 146). The Salina basin, a major
northwest-trending fold, is nearly parallel to the
northeast flank of the central Kansas uplift, except
for its northeastern limb, which swings north around
the broad north end of the Nemaha anticline (Lee,
Wallace, 1956, p. 145).

The orientation of folds in two directions may be
explained as resulting from forces exerted in a hori-
zontal couple. During Pennsylvanian and Early
Permian time, uplift of the Wet Mountains area may
have exerted horizontal compression northeastward
on the Las Animas arch, moving rocks of the arch
to the northeast. During Early Permian time the
Nemaha anticline was apparently structurally high
in its northern extremity and moderately low on its
southern part. It apparently remained stationary
but acted as a basement barrier to the transmitted
forces. Movement of the I.as Animas arch toward
the northeast then created the northwest-trending
folds and continued to downwarp the central Kansas
Permian basin contemporaneously with uplift of the
Apishapa-Wet Mountain area.

This interpretation is supported by evidence
(I-450, pl. 3; figs. 34-36, this report) that (1) the
Wet Mountains uplift area was an active positive
element throughout Pennsylvanian, Permian, Triassic,
and Jurassic time; (2) the northeastward move-
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ment of the Las Animas arch is reflected by the
northward deflection of many of the northwest-trend-
ing Permian folds in nearby Kansas; and (3) a con-
tinual downwarping of the central Kansas basin in
conjunction with uplift of the Wet Mountains area
is illustrated by lithofacies and isopach maps of in-
tervals A, B, and C-D.

Structural elements that persisted during deposi-
tion of interval C and were not affected by post-
Permian erosion are present in northeastern Colorado
and western Nebraska. Only one of these elements
trends northward, and its trace is faint on the iso-
pach and lithofacies map. This trend, however,
nearly coincides with that of the present Denver
basin and may represent the initial downwarp in
Late Permian time that formed a major basin in
Early Triassic time (Mudge, in McKee and others,
1959, p. 10).

Structural trends of interval C-D with an east-
west orientation in northeastern Colorado and Ne-
braska may be explained in at least two ways. One
of these is the couple used to explain the correspond-
ing structures in Kansas and southeastern Colorado.
Horizontal pressure on the Las Animas arch would
have created folds recorded in interval C-D time if
the Black Hills-Siouxia basement rock had acted as
a barrier. Structures recorded in rocks of interval B
are parallel to those of interval C-D. The resultant
forces that created the structures of interval C-D
may therefore, have been present during deposition
,of interval B. Another possiblity is that the folds
are a result of uplift in the Black Hills area. This
seems less likely, for there is no evidence that the
Black Hills uplift was active then.

The termination of the Las Animas arch at a cross-
fold or swale during interval A time is illustrated
by isopachs (fig. 34). Northward a high relatively
flat area seems to have included a small fold on the
Nebraska-Kansas line. This northwest-trending
downwarp, mainly apparent in rocks in the lower
part of interval A, may represent an early stage
of folding; an alternate interpretation is that it is
the result of faulting in the basement.

While strata of interval B were forming, the Las
Animas arch did not extend very far to the south-
west (fig. 35). The axis of the arch, however, had
shifted northwest a short distance. This shift may
be the result of a cross fault or of a shifting of com-
pressive forces exerted from the positive area. The
latter explanation seems more probable because the
Sierra Grande-lower Apishapa arch area was not
active when the youngest strata of interval A and
most of those of interval B were deposited. The Wet

PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

Mountains, however, apparently remained active, and
the horizontal component of this uplift may account
for the slight change in direction of the arch, as
hinted by the westward bending of some of the folds
in southeastern Colorado.

Bending of fold axes in northwestern Kansas con-
forms not only to the inferred southwestward direc-
tion of stresses but also to a regional pattern. In
northwestern Kansas folds that are bent toward the
west resemble virgation folds, as defined and de-
scribed by Collet (1935). All appear to hinge on an
area in southwestern Nebraska. During deposition
of interval A this area was relatively high, broad,
and flat. During deposition of interval B, however,
the fold of the Las Animas arch originated.

GEOLOGIC UNITS DIRECTLY ABOVE PERMIAN SYSTEM
UNITS OVERLYING PERMIAN

In the central Midcontinent region, units overly-
ing the Permian System range from Triassic to
Recent in age (fig. 42). Permian rock is exposed in
a narrow belt along the east side of the Front Range,
in a few isolated places in southeastern Colorado, and
across a wide belt in eastern Kansas and southeastern
Nebraska (fig. 42).

Rock directly above the Permian is of eight differ-
ent ages, is both marine and nonmarine in origin,
and contains many disconformities. Eastward from
the Front Range, successively younger rock oversteps
the Permian across the region. Upper Triassic rock
overlies the Permian only in southeastern Colorado
and southwesternmost Kansas. Tertiary rock covers
the Permian in large areas of sounthewestern Kansas.

Because of successive eastward overstep of rock on
the Permian, the upper surface of the Permian had
different histories in different areas.

In western and northwestern Kansas the Ralston
Creek and Morrison Formations of Late Jurassic age
rest on a truncated surface of the Permian (Merriam,
1955, p. 37; McKee and others, 1956, pl. 2).

From southwestern to north-central Kansas, Cre-
taceous rocks unconformably overlie successively older
Permian strata. In the southwestern part of the
State, for instance, interval C-D is overlain by Cre-
taceous rocks (Kansas Geol. Soc., 1955), whereas in
the northeastern part of the State the Wellington
Formation of interval B underlies the Cretaceous
(Jewett, 1939, p. 93). The Cretaceous rock that rests
on Permian in Kansas is mainly the Dakota Forma-
tion (Kansas Geol. Survey, 1937), except in south-
central and southwestern parts of the State where the
older Cheyenne and Kiowa Formations occur. (Kan-
sas Geol. Soc., 1955 ; Latta, 1948, p. 75-91).
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In southwestern and eastern Kansas unconformable
strata of Tertiary and Quaternary age veneer the
Permian. Tertiary rock in western Kansas is of the
Ogallala Formation. Quaternary rock ranges in age
from Nebraskan to Recent. In northeastern Kansas,
glacial deposits of Kansan and possibly also of Ne-
braskan age mantle much of the Permian.

East of the northern Front Range, in Colorado,
Lower Triassic rock (upper part of the Lykins For-
mation) apparently rests conformably on Permian
rock, whereas in southeastern Colorado, Upper Tri-
assic rock (Dockum Group) overlies Permian strata
unconformably. Just west of this area, near the Wet
Mountains, rock of Late Jurassic age (Entrada and
Ralston Creek Formations) overlies the Permian dis-
conformably. In northeastern Colorado the Ralston
Creek Formation is disconformable on the Permian
(fig. 42).

In Nebraska, rock ranging in age from Triassic to
Quaternary overlies Permian rock. In the western-
most part of the State, rock of Early Triassic age
(Spearfish Formation) is conformable on the Per-
mian. East of this area, in central Nebraska, rock
of Jurassic age (lower part of the Sundance and
Morrison Formations) rests unconformably on the
Permian. Farther east in central Nebraska, Creta-
ceous rock (Dakota Formation) overlies the Permian
strata, but in the southeastern part of the State, gla-
cial deposits of Kansan and possibly also of Nebras-
kan age overlie them.

PALEOTECTONIC IMPLICATIONS

Soon after the Permian rocks were deposited, de-
formation of the area was accelerated. The Denver
basin was formed and received Triassic sediment.
It began to subside in Late Permian time but ac-
quired its basin shape in Early Triassic time (Mudge,
in McKee and others, 1959, p. 10).

Strata in southeastern and eastern Colorado were

PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

tilted westward, and the youngest Permian beds were
truncated prior to deposition of Mesozoic sediment
(Maher, 1945, p. 1665). This deformation began in
Early Triassic time and was renewed in Early Ju-
rassic time, as indicated by the fact that the Ralston
Creek Formation lies unconformably on a truncated
surface. The attitude of Cretaceous and older rock
indicates considerable movement at times after the
beginning of Mesozoic sedimentation (Maher, 1945,
p. 1665).

Channels that have been cut into Permian rock are
shown in figure 43. These are inferred from the iso-
pach maps and from the data obtained on the geologic
units overlying the Permian. The channels desig-
nated as Triassic or pre-Triassic in age show west-
ward and southwestward drainage. The source of
much of the Triassic sediment in rock of northeastern
Colorado and also, to some extent, of southeastern
Colorado was the Permian rocks farther east (Mudge,
in McKee and others, 1959). Erosion after Triassic
and before Jurassic deposition is recorded mainly in
southeastern Colorado, where channels are incised in
Triassic and Upper Permian rock. Pre-Jurassic ero-
sion also beveled much of the Permian rock in north-
western and western Kansas and much of western
Nebraska (Merriam, 1955, p. 37; McKee and others,
1956).

Cretaceous, Tertiary, and Recent erosion in Ne-
braska truncated Permian rock and created channels
that are alined toward the east and northeast. The
Early Cretaceous streams apparently flowed north-
westward (Merriam, 1955, p. 41).

In southeastern Colorado some rock of interval C-D
was eroded in Early or Middle Triassic time. Later
the area subsided, and Upper Triassic strata
(Dockum Group) were deposited (Mudge, in McKee
and others, 1959). The area was again uplifted and
beveled prior to deposition of Jurassic rock (McKee
and others, 1956).
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PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

EASTERN WYOMING, EASTERN MONTANA, AND THE DAKOTAS

By Epwin K. MaveHAN

ABSTRACT

Rocks of Permian age rest unconformably on those of Penn-
sylvanian age throughout most of the northern Midcontinent
region. These rocks record a general transgression of the sea
accompanied by the lowering of adjacent positive elements
and the filling of basins. Positive elements were partly in-
herited from Pennsylvanian time, but some were newly
formed.

During deposition of interval A the sea transgressed from
the southeast into a basin centered near the present Black
Hills and lying east of a low land barrier that extended
through central Wyoming from the ancestral Front Range on
the south to a positive element in Montana. During the early
stages of interval B deposition, general transgression was
interrupted in the northern part of the region by uplift and
erosion. Deposition only occurred south of the Wyoming
lineament. During the later stages of interval B deposition,
sediments of the Midcontinent region coalesced with those of
the Cordilleran region across a barrier in central Wyoming,
and during the remainder of Permian time deposition was
widespread in this region.

In Wyoming and parts of adjacent States, Permian rocks
are overlain by seemingly conformable Lower Triassic strata.
In eastern Montana and the Dakotas, however, Permian rocks
are truncated by an unconformity and are overlain by Jurassic
rocks.

REGION DEFINED

Permian rocks described in this chapter are in the
northern Midcontinent region and adjacent parts of
the central Rocky Mountains. The region includes
Wyoming east of the 108th meridian as well as the
Bighorn Basin in the northern part of the State,
adjacent parts of eastern Montana, and the Dakotas.
Exposures of Permian rocks in this region occur on
the flanks of the Black Hills (fig. 44), Hartville up-
lift, Laramie Range, Medicine Bow Range, Sierra
Madre, the central Wyoming ranges, Owl Creek
Mountains, Bighorn Mountains, and the Absaroka
Range. Elsewhere in the intervening basins and the
adjacent plains, information on Permian rocks is
from subsurface drill-hole logs.

PALEOGEOLOGY
UNITS UNDERLYING PERMIAN

Rocks of Pennsylvanian age underlie Permian
strata throughout the northern Midcontinent region
of eastern Wyoming, eastern Montana, North Dakota,
and South Dakota, except possibly in the vicinity of
the Sierra Madre (fig. 44) in the extreme southwest
corner of this region, where strata believed to be of
Mississippian age underlie the Permian (fig. 45).

Pennsylvanian rocks in Nerth Dakota and eastern
Montana belong to the Amsden and Tensleep For-
mations; in South Dakeota and in northeastern and
southeastern Wyoming, to the lower part of the
Minnelusa Formation; and in central Wyoming, to
the Tensleep Sandstone. Pennsylvanian rocks in the
Hartville uplift (fig. 44) in middle eastern Wyoming
are assigned to the lower part of the Hartville For-
mation; in the Laramie Range and Laramie Basins,
to the lower part of the Casper Formation; and near
the Colorado State line, to the Fountain Formation.
These formations directly underlying the Permian
are mainly stratigraphic equivalents of each other.
The Tensleep and the Fountain are dominantly
sandstone and arkose, respectively, and the other
stratigraphic units of Pennsylvanian age are domi-
nantly carbonates with minor detrital layers.

In most of eastern Wyoming the Pennsylvanian
formations may be subdivided, lithologically and pa-
leontologically (primarily on the basis of fusulinids),
into units which seem to correspond, at least in part,
to series as used in the central Midcontinent (Agat-
ston, 1954; Thomas, H. D., and others, 1953; Foster,
D. I., 1958; Maughan and Wilson, 1960).

In southeastern Wyoming, Permian rocks overlie
strata believed to be of Virgil age, except in an east-
west band traversing the southern Laramie Range
and the Laramie Basin (Maughan and Wilson, 1960;
Agatston, 1954). Within this band., rocks of Mis-
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Ficure 44.—Localities and geographic areas in Wyoming, Montana, and the Dakotas referred to in text.
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Ficure 45.—Geologic units directly beneath Permian System in parts of Wyoming, Montana, the Dakotas and adjacent States.
Pennsylvanian rocks: Pr, undivided; Pa, Amsden Formation (part); P mi, Minnelusa Formation (part); Pt, Tensleep Forma-
tion; Pvc, Casper Formation (part), Pvf, Fountain Formation (part), Pvh, Hartville Formation (part), Pvt, Tensleep Forma-
tion (part), and Pv, undivided, all of Virgil age; Pvm, undivided, of Virgil and Missouri age; P mc, Casper Formation (part),
P mf, Fountain Formation (part), Pmm, Minnelusa Formation (part), and Pmt, Tensleep Sandstone (part), all of Missouri
age; Pdf, Fountain Formation (part), Pdm, Minnelusa Formation (part), Pdq, Quadrant Formation, Pdt, Tensleep Sand-
stone (part), all of Des Moines age; Paa, Amsden Formation, of Atoka age. Mr, Mississippian rocks, undivided. p<r,
Precambrian rocks, undivided. Dark pattern, areas where rocks older than Permian are exposed; light pattern, areas where
rocks older than Permian have not been penetrated. Contacts between stratigraphic units dashed where uncertain. Limit
of Permian rocks shown by heavy line; dashed where uncertain.
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souri age underlie the Permian except in exposures
along the west margin of the Laramie Basin, where
younger Pennsylvanian rocks are missing and the
Permian rests on strata of Des Moines age or older.
Permian rocks are assumed to rest on rocks of
Missouri age along a narrow band farther west in
central Wyoming. Northward this band curves east-
ward and broadens through northeastern Wyoming.
Beyond this band, in central Wyoming, Montana, and
possibly in North Dakota, highest Pennsylvanian
strata are of Des Moines age. In northeastern Wy-
oming and South Dakota, east of the Black Hills,
the age of the Pennsylvanian is not established, but
is possibly Des Moines in most places, although rocks
of Missouri and even of Virgil age may occur locally.

Carbonate rocks beneath interstratified red beds
and carbonates of undoubted Permian age in a well
near Savery, Wyo., have been interpreted solely on
the basis of lithology (Gudim, 1956; D. I. Foster,
oral commun., 1960) as Madison Limestone of Mis-
sissippian age. This interpretation is supported by
observations of Ritzma (1951) that Permian strata
thin southward along the west side of the Sierra
Madre to a place beyond which thin strata, probably
of Mississippian age, are overlain by red beds be-
lieved to be of Triassic age. Some of these red beds
may be of Permian age, however, and the strata
thought to be Mississippian in the well near Savery
may actually be an eastern extension of the Park City
Formation of Permian age.

LOWER BOUNDARY OF THE PERMIAN

The base of the Permian is believed to be an un-
conformity throughout the region, except possibly
in southeasternmost Wyoming. Northward and west-
ward from southeastern Wyoming the hiatus increases
between the Pennsylvanian and Permian Systems.
In the northern Bighorn Basin (fig. 44), in south-
central Montana, equivalents of the youngest known
Permian strata in Wyoming thin and disappear
through overlap against Middle or possibly Lower
Pennsylvanian strata (I-450, pl. 14c).

The base of the Permian System in Wyoming is
placed at the lower contact of a mudstone known as
the red marker, originally recognized in the subsur-
face of the Lance Creek field in central eastern Wy-
oming but now known in most of southeastern
Wyoming and southwestern South Dakota. This
very distinctive unit, composed of red mudstone with
minor dolomite and sulfates, is recognized in the
subsurface over a very large area. It is also exposed
m the Hartville Formation in the Hartville uplift
(J. W. Strickland, oral commun., 1958), the Minne-
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lusa Formation of the southern Black Hills (C. G.
Bowles, oral commun., 1959), and somewhat less cer-
tainly, in the Casper Formation of the Laramie
Range. The red marker does not extend westward
into central Wyoming beyond Casper nor northward
into northeastern Wyoming, northwestern South Da-
kota, or beyond. Strata approximately equivalent to
the red marker can be recognized, however, in those
areas (Foster, D. 1., 1958; McCauley, 1956; Agatson,
1954) and serve to mark the base of the Permian.

The red marker is useful as a systemic boundary
because (1) it is readily recognized in both surface
and subsurface, (2) it overlies an unconformity
(Foster, D. 1., 1958, p. 39), (3) it separates rocks
which, though generally included within a single for-
mation, are nevertheless of distinctly different com-
position, and (4) fusulinids from below the red
marker are of Virgil or older age (Love and others,
1953; Agatston, 1954; Thomas, H. D., and others,
1953), whereas fusulinids of only Early Permian age
are known from above it or its equivalent (Agatston,
1954; Thomas, H. D., and others, 1953; McCauley,
1956 ; Maughan and Wilson, 1960).

The base of the Permian System in central Wyo-
ming, eastern Montana, and North Dakota, beyond
the line of overlap of Lower Permian strata, consists
of progressively younger units northwestward as far
as the limits of known Permian rock. In most of
this region the basal unit is the Opeche Shale or its
equivalents, but in the northern Bighorn and Powder
River Basins, the @lendo Shale, the Forelle Lime-
stone, the lower part of the Freezeout Shale, and,
lastly, the Ervay Tongue successively mark the low-
est Permian.

PALEOTECTONIC IMPLICATIONS

The unconformity that separates Permian and
Pennsylvanian strata in central Wyoming seems to
have resulted from slight regional uplift either in Late
Pennsylvanian or earliest Permian time. The uplift
was probably greatest in south-central Wyoming,
where it coincided with the late stages of uplift of
the ancestral Front Range. Northward, this uplift
decreased to only moderate arching. Northeastern
Montana and North Dakota were also uplifted and
tilted southward. A probable southeast continuation
of this uplift joined the Siouxia land area in eastern
South Dakota and adjacent areas. These uplifts en-
circled a broad synclinorium that plunged gently
southeastward and in which Lower Permian sedi-
ments were deposited.

Probably few or no strata were deposited in cen-
tral Wyoming from the close of Des Moines time
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until well.into Permian time (Thomas, 1948, p. 89),
as rocks of this time interval are missing and Upper
Pennsylvanian and Lower Permian strata in adjoin-
ing areas indicate a general period of regression. On
the other hand, arching from central Wyoming north-
ward may postdate the deposition of most Upper
Pennsylvanian strata and may not have occurred until
at least the end of the Pennsylvanian Period. Rocks
of Missouri age are less clastic than the underlying
rocks of Des Moines age, which may indicate a marine
environment that was more widespread than during
Des Moines time. Absence of Upper Pennsylvanian
and Lower Permian rocks in central and northern
Wyoming may therefore result from erosion rather
than nondepositien.

Regional wuplift of the northern Midcontinent
region is interred in latest Pennsylvanian or earliest
Permian time, when the sea withdrew from all but
the southeasternmost part. The red marker is prob-
ably a lateritic soil or reworked laterite (J. S. Strick-
land, oral commun., 1958; Foster, D. L., 1958, p. 39;
Richard Norman, oral commun., 1958) that locally
formed in place, but in some areas was transported
and redeposited.

Uplifted Pennsylvanian rock in central and north-
eastern Wyoming, eastern Montana, and the Dakotas
probably supplied much of the detritus in strata
formed during marine transgression in Permian time.
In Pennsylvanian time most of the detritus came
from older Paleozoic and Precambrian rocks exposed
in positive areas that were remnants of the ancestral
Front Range, but with the advent of the Permian
these areas did not furnish much arkosic material to
Wyoming because they were either too far to the
southwest or too low.

INTERVAL A
FORMATIONS INCLUDED

Interval A in this region includes the upper parts
of several formations long regarded as entirely of
Pennsylvanian age but now known to be partly of
Early Permian age. These are the Minnelusa For-
mation of the Black Hills and adjacent areas in
western South Dakota, eastern Wyoming, southeast-
ern Montana, and southwestern North Dakota; the
Hartville Formation of the Hartville uplift in east-
central Wyoming; the Casper Formation of the Lara-
mie Range in southeastern Wyoming; and the Ten-
sleep Sandstone in central Wyoming (table 1). The
upper, or Permian, part of these formations is sepa-
rated from the lower, or Pennsylvanian, part by a rock
unit locally called the red marker or by strata con-
sidered to be approximately equivalent.
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The Permian parts of the formations differ from
the Pennsylvanian as follows:

1. Permian detrital strata are generally orange red
to brownish red, whereas the Pennsylvanian
beds are gray above and purplish red below.

2. Evaporites in thick beds are common in Permian
strata, but they are thin bedded or sparse to
absent in the.Pennsylvanian. Evaporites have
mostly been leached from surface exposures, but
their former positions are indicated by sand-
stone and limestone breccia, which are common
in the upper parts of the Minnelusa and Hart-
ville Formations (Bowles and Braddock, 1960;
Condra and others, 1940).

3. Radioactive black shaly mudstone occurs at sev-
eral horizons in the Pennsylvanian but is un-
known in the Permian.

4. Sandstone units within the Permian part of each
formation commonly include scattered larger
quartz grains, whereas sandstone in the Penn-
sylvanian part is of nearly uniform grain size.

5. Limestone is common in Pennsylvanian strata but
rare in Permian strata, although dolomite is
common in both.

6. The Permian parts of each formation and the
lower parts of the Pennsylvanian are generally
uniform in thickness and lithology, and their
composition and position are predictable from
place to place. The Upper Pennsylvanian
strata differ widely in thickness because of an
unconformity at their top.

STRATIGRAPHIC RELATIONS

The Hartville Formation was subdivided into six
units (Condra and Reed, 1935) which were later
classified as groups and named (Condra, and others,
1940) as shown in table 2. These units were tenta-
tively correlated with similar divisions of the Casper
and Minnelusa Formations.

Recent correlations of these strata in areas yielding
paleontologic evidence have shown that the lower
part of Division 1, or the Broom Creek Group of
Condra, Reed, and Scherer, is 8f Permian age (Love
and others, 1953; Thomas, H. D., and others, 1953;
Agatston, 1954; Verville, 1957; McCauley, 1956;
Maughan and Wilson, 1960). These units are hard
to recognize away from the Hartville area (Agatston,
1954; McCauley, 1956; Foster, D. I., 1958; Bates,
1955). The Pennsylvanian-Permian contact, how-
ever, has consistently been placed at the red marker
and the base of the Broom Creek Group.

Correlations established during the present study
confirm an Early Permian age for the Broom Creek
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TaBLE 2.—Subdivisons of the Hartville Formation proposed by
Condra, Reed, and Scherer (1940) and their approrimale ages
(Love.and others, 1953; Agatston, 1954; Foster, D. I., 1958)

Division Group Approxzimate age System
=
I Cassa Leonard =2
g
b
Broom Creek Wolfeamp &
II Wendover Virgil
Meek Missouri
F
111 Hayden -g
Des Moines [
v Round Top '%'.
7 g
\% Reclamation Atoka &
VI Fairbank Morrow(?)

Group and extend the known range of Lower Per-
mian strata westward into rocks generally included
in the Tensleep Sandstone of south-central and cen-
tral Wyoming. The upper part of Division I, which
i1s the equivalent of the Owl! Canyon Formation is
correlated into strata in western Nebraska that are
generally regarded as younger than Wolfcamp, or of
Leonard age.

The upper part of Division I, which was called
the Cassa Group, by Condra, Reed, and Scherer
(1940), is here divided between intervals A and B.
The thin strata below the Owl Canyon Formation in
southeastern Wyoming, which those geologists in-
cluded with the Owl Canyon to form their Cassa
Group, resemble the underlying rocks more than the
overlying ones. These lower strata are included in
this study with the Broom Creek Group in interval
A, and the Owl Canyon Formation is placed in in-
terval B.

White to yellowish crossbedded sandstone, which is
a facies of the Owl Canyon Formation, is included
as part of the Casper Formation in a few places in
the northern Laramie Range. In this area the Cas-
per Formation, which is dominantly sandstone, is
arbitrarily divided between interval A and interval
B. In the Hartville uplift, the Lance Creek field,
and the southern Black Hills a similar sandstone
facies of the Owl Canyon, the Converse sands, is
‘placed in the Hartville and Minnelusa Formations
and included in interval B.

In central and south-central Wyoming, rocks of
Permian interval A are difficult to separate from
underlying Pennsylvanian rocks. The name 'Ten-
sleep Sandstone has been applied in the vicinity of
the type section in north-central Wyoming to rocks
that are no younger than Des Moines (Pierce, 1947).
This name has been applied to rocks as far southward
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as south-central Wyoming and to rocks of similar
lithology but mostly of Early Permian age. Simi-
larly, the Tensleep has been correlated southeastward
with the Pennsylvanian and Permian Casper Forma-
tion of the Laramie Range. The generalized strati-
graphic relationships of these units are illustrated in
figure 48. More satisfactory stratigraphic, areal, and
temporal interpretations could be made if these two
formations were carefully differentiated.

In south-central Wyoming, sandstone of the Per-
mian parts of the Casper Formation and Tensleep
Sandstone is difficult to separate from sandstone of
the underlying Pennsylvanian parts.

Paleontological or physical evidence for the Penn-
sylvanian-Permian boundary in the Laramie Range
has been presented by Thomas, Thompson, and Harri-
son (1953, p. 13, pl. 9) and by Agatston (1954, p.
545, 567); in the Casper area by Love (1954); and
farther southwest by Agatston (1957, p. 33). This
boundary has been projected into surrounding areas
in preparing the isopach and lithofacies map for
interval A (I-450, pl. 3; fig. 46, this report). Minor
differences between lithologic units similar to those
described above suggest that a thin tongue of Lower
Permian rocks may extend into the Wind River
Basin (figs. 44, 47), farther northwest than shown
in figure 46. This tongue may be the Nowood Mem-
ber of the Park City Formation (McCue, 1953),
which is included in interval B.

UPPER BOUNDARY OF INTERVAL A

The upper boundary of interval A in the eastern
part of this region is placed at the top of the upper-
most carbonate or sulfate rock in the Casper, Hart-
ville, and Minnelusa Formations. Westward, in
Wyoming, Montana, and North Dakota, the rocks of
interval A and the carbonate-sulfate unit at the top
intertongue with sandstone. The upper boundary of
the interval in the western part of the region is
placed at the top of the well-sorted fine- and medium-
grained white sandstone.

Interval A is overlain by distinctive red mudstone
of interval B throughout most of the region, except
along the east margin in the Dakotas, where rocks
of Jurassic age directly overlie interval A. The over-
lying red mudstone of interval B in the Hartville
uplift intertongues westward with sandstone similar
to interval A, and the two units are arbitrarily sepa-
rated in the northern Laramie Range. In the south-
eastern part of the region, overlying red-bed units
are the Owl Canyon Formation and its equivalent,
the lower part of the Satanka Shale. Northward and

westward, beyond the limits of these formations, the
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Ficure 46.—Thickness of interval A in central Wyoming, eastern Montana, the Dakotas and parts of adjacent States discussed in
this chapter. Isopach intervals 100 and 500 feet. Isopachs dashed where control is poor, dotted where Permian rocks have
not been penetrated by drill. Dark pattern, areas where rocks older than Permian are exposed; light pattern, areas where
rocks younger than interval A have not been penetrated.
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Opeche Shale and equivalent strata occupy a similar
position. In the northeastern part of the region there
is an overlying red-bed unit of Jurassic age, the
Saude Formation.

In most places the Ow! Canyon or Satanka lies
conformably on rocks of interval A. The Opeche
Shale generally rests on rocks of interval A without
angular discordance, although the Owl Canyon or
lower part of the Satanka is absent. KEvidence of
unconformity at this contact in northeastern Wy-
oming has been presented by Barkley and Gosman
(1958, pl. 4 between p. 178-179), F. H. Brady (1958,
p. 46—47), Agatston (1954, p. 552), and D. I. Foster
(oral commun., 1961).

A major angular unconformity separates rocks of
interval A from overlying rocks of Jurassic age in

central North Dakota and South Dakota.

THICKNESS TRENDS

Sediments of interval A were deposited in Early
Permian time in in a large basin centered near the
present Black Hills. The interval was originally
thickest near the Black Hills, but near this uplift
original thicknesses have been much reduced by
leaching of anhydrite and gypsum (Bowles and Brad-
dock, 1960). Interval A thickens southeastward into
Nebraska but thins in other directions away from the
Black Hills area.

Thinning of interval A west and north of the Black
Hills is partly the result of transgression of the sea
upon the flanks of the basin and partly due to differ-
ential sinking of the basin during Early Permian
time. Some thinning in these directions probably
also resulted from erosion, during a hiatus prior to
deposition of the Opeche Shale when the Owl Canyon
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and lower part of the Satanka Formations were de-
posited in other areas.

Eastward thinning of interval A may be original
in part but is mostly the result of erosion of the
Minnelusa Formation before deposition of overlying
strata of Middle Jurassic age.

In southeastern Wyoming, west of the Laramie
Range, rocks of interval A extend further west than
in northeastern Wyoming. In the southeastern area,
rocks generally assigned to upper parts of the Cas-
per Formation or the “Tensleep Sandstone” were
probably formed of dune sand deposited on Pennsyl-
vanian strata which had been arched in central Wy-
oming in latest Pennsylvanian or earliest Permian
as a northward extension of the ancestral Front
Range. These supposed dune deposits thin south-
westward, westward, and northwestward, except for
a belt of thick rocks, mostly of dune sand, which ex-
tends east-northeast across the center of the present
Sweetwater uplift into the Casper area (I-450, pl. 3;
fig. 46, this paper).

LITHOFACIES TRENDS

Detritus in rocks of interval A was dominantly
medium to fine sand in the southwest, fine sand and
mud in the north, and mud in the southeast. Detrital
rocks intertongue with carbonates and evaporites in
all except the southwesternmost part of the region,
where the rocks are entirely sandstone.

Cross-stratified sandstone of probable dune origin
covers a large area in south-central Wyoming. Some
sandstone, possibly of dune origin, lies near the
west margin of interval A in northern Wyoming,
eastern Montana, and North Dakota. This tongues
eastward into carbonate rocks to form a north-trend-
ing belt which approximately coincides with the pres-
ent Laramie Range. The sandstone in this belt
contains low-angle rather than high-angle cross-
strata, and was probably deposited in a beach en-
vironment. The ratio of carbonate to detrital rock
increases eastward until the entire unit is marine. The
facies of intertongued sandstone and carbonate rock
extends northward from the Laramie Range into the
Williston basin. In some parts of the basin, mud-
stone is a major constituent.

A dominantly carbonate and evaporite rock facies
extends into the northern midcontinent region from
western Nebraska and eastern Colorado. The outer
margin of this facies, adjacent to the intertongued
sandstone and carbonate rock, consists mostly of dolo-
mite, but contains small amounts of sandstone, mud-
stone, and anhydrite. The dolomite grades eastward
mto anhydrite, so that east of the Hartville uplift
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of Wyoming and the Black Hills of South Dakota
the unit is mostly interstratified anhydrite and dolo-
mite.

An anomalous lithofacies pattern surrounds the
Black Hills. The upper part of the Minnelusa For-
mation is interstratified sandstone and minor car-
bonate rock. In nearby subsurface sections, however,
there is much anhydrite or gypsum. Either the de-
posits thinned against an ancestral Black Hills uplift
(Gries, 1956, p. 113), or solution of the calcium sul-
fate left a detrital residue as the predominant con-
stituent (Bates, 1955, p. 1999; Bowles and Braddock,
1960).

Solution of calcium carbonate seems the most
plausible explanation, as an uplift near the center
of a depositional basin is unlikely. Also, the upper
part of the Minnelusa Formation was brecciated when
strata collapsed owing to leaching. The apparent
thinning and change of facies may be explained as
the result of this leaching (C. G. Bowles, oral com-
mun., 1959). However, brecciation in the northern
Black Hills is less than that in the southern, so local
uplift might have affected the Lower Permian strata
in that area.

Collapse breccias, similar to those in the Black
Hills, are known from the upper part of the Hartville
Formation in the Hartville uplift (Love, and others,
1953) and from the upper part of the Casper For-
mation in the northern part of the Laramie Range
near Douglas, Wyo. (Harrison, 1938; Agatston,
1954, p. 546). These breccias are evidence that solu-
tion of calcium sulfate also influenced the thickness
and facies in those areas.

SOURCES AND ENVIRONMENTS

Rocks of interval A, in general, grade eastward
from strata considered to be of fluvial origin into
what are probably dune and beach deposits. The
probable shore deposits, in turn, intertongue with
marine strata. A principal source of detritus was
the ancestral Front Range to the west, although an
inferred land area east of the present east margin
of interval A was probably also a source, as was the
uplift in central Montana. The marine deposits ex-
tend between Early Permian land areas from western
Nebraska and northeastern Colorado across southeast-
ern Wyoming. They are thickest adjacent to the
Black Hills.

Most of the detritus incorporated in this interval
seems to have been derived from positive elements
which largely enclosed the area of deposition. The
Pennsylvanian part of the Tensleep Sandstone and
related formations, exposed to erosion as parts of
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these positive elements, were the principal sources of
sand. Sediment derived from the Tensleep Sand-
stone during Early Permian time was apparently re-
deposited in an environment similar to that of its
earlier origin, as the sandstones of these two ages
are much alike. The similarity of these units has
led to confusion in names used for Pennsylvanian and
Permian rocks in central and south-central Wyoming
(fig. 48). Only rocks of Pennsylvanian age occur at
the type section of the Tensleep in north-central
Wyoming. In much of central Wyoming the upper
part of the Casper Formation partly overlaps the
Pennsylvanian Tensleep Sandstone, and the name
Tensleep has been applied to Permian rocks equiva-
lent to the upper part of the Casper. Nomenclature
of Pennsylvanian and Permian rock- and time-strati-
graphic units in central Wyoming is illustrated in
figure 48.

The distribution of sandstone and mudstone in rocks
along the west margin of interval A suggests that
positive areas to the south were higher than those to
the north and that the chief source for sediment was
to the southwest. This distribution of sandstone and
mudstone, however, may have also been influenced
by the composition of source rocks in the two areas.
This interpretation is based on the assumption that
erosion of these Lower Permian rocks was relatively
minor and that the rocks now preserved in the
northern part of the region represent most of the
strata originally deposited there.

Sandstone of interval A in south-central Wyoming
was probably deposited mostly as dunes (as indicated
by the abundant wedge-planar sets of high-angle
cross-strata), although it has been interpreted as
chiefly marine (Knight, S. H., 1929, p. 72-74; 1960,
p. 228). Westward, the unit wedges out, the sand-
stone lacks high-angle cross-stratification, and strati-
fication is nearly horizontal. In the western areas,
deposition was probably in a fluvial environment.
Eastward, the high-angle cross-stratified sandstone
intertongues with sandstone that contains low-angle
cross-stratification. The low-angle cross-strata prob-
ably resulted from deposition in a beach environment,
and the rock in which they appear intertongues in
southeastern Wyoming with beds of marine sand-
stone and carbonate rock.

The sandstone of supposed fluvial origin in the
western part of the region has not yielded fossils and
is inferred to be continental only because of its geo-
graphic position between eolian sandstone and the
landward limit of deposition of rocks of interval A.

In northeastern Wyoming, southeastern Montana,
and southwestern North Dakota, rocks of interval A

PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

are probably entirely marine (Foster, D. 1., 1958, p.
39), but depositional environments in this area may
have paralleled those in south-central Wyoming, and
along the west and porth margins might include
beach, dune, and flood-plain sand.

Climate during deposition of interval A was prob-
ably arid to semi-arid and warm. The abundant cal-
cium sulfate toward the center of the depositional
area, surrounded by a belt of dominant dolomite,
the dearth of fossils, and the abundance of red iron
hydroxides suggest a warm super-saline environment.
The deposition of limestone and presence of marine
fossils at the margins of this body of water suggest
freshening near the shore by inflow of water from
streams. On the other hand, the occurrence of dolo-
mite and limestone around a central area of gypsum
and anhydrite may indicate areas of lower salinity
near the margins of a partly restricted evaporite
basin (Scruton, 1953, p. 2505-2507).

PALEOTECTONIC IMPLICATIONS

The broad gentle synclinorium which formed near
the end of Pennsylvanian or the beginning of Per-
mian time in parts of Wyoming, Montana, and the
Dakotas was a large basin which probably persisted
with little change during deposition of interval A.
Initial deposits were restricted to southeasternmost
Wyoming, but as the synclinorium broadened and
deepened the Early Permian sea transgressed widely.
Original margins of maximum marine transgression
are preserved in southeastern Wyoming but elsewhere
have been removed by erosion. The maximum trans-
gression of this sea probably did not extend far be-
yond the present eroded margins of the interval ex-
cept in central South Dakota. Here, rocks of interval
A are deeply eroded and may once have extended
much farther east.

The positive elements which surrounded this basin
except on the southeast were probably anticlinoria
where Middle and Upper Pennsylvanian strata were
exposed and eroded. Most of these positive elements
were probably low, although in south-central Wy-
oming and north-central Colorado the ancestral Front
Range may have been higher, so that strata older
than Pennsylvania were exposed and eroded:

The basin had a north-northwest-trending axis
nearly parallel to the northern part of the ancestral
Front Range. A parallel structural trend approxi-
mately coincident with the Cedar Creek anticline (fig.
44) near the east side of the present Powder River
Basin was also tectonically active during deposition
of interval A. The apparently anomalous isopachs
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in this area (fig. 46) suggest general instability be-
fore the faulting, or monoclinal folding that was
more sharply defined later in Permian time.

INTERVAL B
FORMATIONS INCLUDED

The Owl Canyon Formation, Opeche Shale, and
Minnekahta Limestone and their equivalents compose
this interval in eastern Wyoming and adjacent parts
of South Dakota, North Dakota, and Mentana (table
1). Equivalent units are the lower part of the Sa-
tanka Shale, Converse sands, Nowood Member of the
Park City Formation, and the lower part of the
Goose Egg Formation.

In the southern Bighorn and eastern Wind River
Basins the Nowood Member (McCue, 1953) of the
Park City Formation is probably also equivalent to
part of the Owl Canyon Formation. In the southern
Bighorn Mountains, the Nowood lies unconformably
on the Tensleep Sandstone and, locally, unconforma-
bly below equivalents of the Phosphoria Formation;
it may be equivalent westward to part of the Gran-
deur Member of the Park City Formation. East-
ward it seems to be equivalent to a local argillaceous
limestone or dolomite unit at the base of the Goose £gg
Formation (Burk and Thomas, 1956, p.9). This unit is
thin at the type section but thickens in an adjacent well
(Mississippi River Fuel 1 Government-Goose Egg;
locs. 248, 249, pl. 5). Probably equivalent anhydrite
or gypsum farther east and southeast are included at
the top of the Owl Canyon Formation or the base of
Opeche Shale.

In the Powder River Basin the Nowood Member
either wedges out, forms a thin dolomite and anhy-
drite in the lower part of the Opeche Shale, or
thickens into the Broom Creek Group where it is in-
cluded in interval A. The dolomite-anhydrite unit
in the lower part of the Opeche thickens northeast-
ward into the Williston basin, where it forms inter-
bedded detrital and evaporite strata, including halite.

STRATIGRAPHIC RELATIONS

The Owl Canyon Formation was named for Owl
Canyon, Colo., where it lies between the Ingleside
Formation and the Lyons Sandstone. In Wyoming
it lies between the Casper or Hartville Formations
and the Opeche Shale and is included in the Cassa
Group of Condra, Reed, and Scherer (1940), with
underlying thin limestone and thin sandstone units.
As thin units in the lower part of the Cassa Group
resemble the underlying strata more than the over-
lying Owl Canyon, they are included in interval A
rather than interval B.

PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

The Satanka Shale of the Laramie Basin includes
equivalents of the Owl Canyon Formation, which is
included in interval B. The Satanka also includes
in its upper part 50-70 feet of strata equivalent to the
Glendo Shale. These upper strata are included in
interval C-D.

Some sandy strata, equivalent to the Owl Canyon,
occur locally in the upper part of the Casper For-
mation in the northern Laramie Range (Agatston,
1954, p. 547). These also form the Converse sands
of the upper part of the Hartville Formation in the
Hartville uplift and of the upper part of the Minne-
lusa Formation in parts of the southern Black Hills.
Elsewhere in the southern Black Hills these strata
form the lower part of the Opeche shale.

The “Casper Sandstone” in the southwest part of
Laramie Basin is a tongue in the Satanka Shale
(Maughan and Wilson, 1960) which is separated
from typical Casper Sandstone by a tongue of red
beds which is the lower part of the Satanka. The
Converse sands and the “Casper Sandstone” in the
southwest part of the Laramie Basin intertongue
similarly into the Owl Canyon, or lower part of the
Satanka, as does the Lyons Sandstone in northeastern
Colorado with which they are correlated.

The Opeche Shale and Minnekahta Limestone were
named for exposures in the Black Hills (Darton,
1901, p. 518-514) but extend westward into central
Wyoming as members of the Goose Egg Formation
(Burk and Thomas, 1956, p. 9). They also occur
in subsurface north and east of the Black Hills, but
southward the Minnekahta grades into anhydrite and
gypsum, then merges with the Blaine Formation.

The Opeche and Minnekahta thin from the Black
Hills into the Laramie Basin and Laramie Range of
south-central Wyoming, where they are generally less
than 20 feet thick. Here they are commonly sandy
and apparently intertongue southward with the upper
part of the Lyons Sandstone.

The Opeche and Minnekahta also thin northwest-
ward from the Black Hills, wedging out near the
margin of interval B in north-central and northeast-
ern Wyoming and southeastern Montana. Westward
they merge into the lower part of the Franson Mem-
ber of the Park City Formation across a narrow belt
between the ancestral Front Range to the south and
a positive element in northern Wyoming and central
Montana to the north. Their northern and eastern
limits are truncated.

UPPER BOUNDARY OF INTERVAL B
The tops of the Minnekahta Limestone and equiva-
lent rocks serve as the upper boundary of interval B
throughout this region. These probably form a
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nearly isochronous surface. In most of the eastern
Wyoming-Montana region the Minnekahta is over-
lain by apparently conformable strata of interval

Near the north and east margins of Permian rocks
in North and South Dakota the Minnekahta, because
of erosion, gradually thins eastward to the margin of
interval B rocks and is overlain with regional un-
conformity by rocks of Middle Jurassic age. The
more easily eroded claystone and siltstone of the un-
derlying Opeche Shale and Owl Canyon Formation
do not extend much beyond the limits of the resistant
Minnekahta.

THICKNESS TRENDS

A broad belt in which interval B is relatively thin
extends northeastward from central Wyoming into
northwestern South Dakota and southwestern North
Dakota. This belt lies between the modern Laramie
Basin and Denver-Julesburg basin on the south and
the modern Williston basin on the north. Interval B
also thins depositionally west and northwest toward
eastern Montana and by erosional truncation to the
north and east in North and South Dakota (fig. 49).

The thickening of interval B in southeastern
Wyoming and southwestern South Dakota is largely
in the lower part of the Satanka Shale or Owl Can-
yon Formation. These lower beds were only de-
posited southeast of a line through the Shirley basin
and the northern part of the Laramie Range in
Wyoming and the southern Black Hills south of
Newcastle, Wyo., and Rapid City, S. Dak. (fig 44).
On the west, this line curves southward, parallel to
the ancestral Front Range highland and the present
Medicine Bow Range.

The lower rocks of interval B thicken southeast-
ward into the ancestral Julesburg basin in north-
western Nebraska. Another basin of deposition cen-
tered in the southern Laramie Range. These two
basins were apparently separated by an area of thin
deposits that extends from the southeast corner of
Wyoming north-northwest to the east flank of the
northern Laramie Range, west of Douglas, Wyo.

The upper part of interval B, composed of the
Opeche Shale and the Minnekahta Limestone, is
rather uniformly 75-125 feet thick but thins south-
westward into Colorado where it approaches a deposi-
tional boundary along the northeast flank of the an-
cestral Front Range.

The upper part of the interval extends into central
and northern Wyoming, eastern Montana, western
North Dakota, and northwestern South Dakota, over-
lapping far beyond the lower part. Here, as farther
south, the thickness of interval B is fairly uniform;
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but the Opeche Shale thickens somewhat in western
North Dakota, where it may include older strata
equivalent to part of the Owl Canyon Formation and
to the Nowood Member of the Park City Formation.

Interval B abruptly thickens eastward across the
Cedar Creek anticline of eastern Montana toward
the central part of the Williston basin (fig. 44). The
Opeche also thickens northward in Montana and
North Dakota across an east-northeast structural
trend which crosses the Cedar Creek anticline in the
vicinity- of the Pennel and Cabin Creek units in Wi-
baux and Fallon Counties, Mont. (fig 44), and inter-
sects the Fryburg field in Billings County, N. Dak.

In central Wyoming, interval B gradually thickens
westward, mostly in the basal part of the Nowood
Member. Some of this variation may be due to an
unconformity between the Nowood and the overlying
Opeche (Tourtelot, 1953; McCue, 1953).

LITHOFACIES TRENDS

Three contrasting lithofacies occur in interval B.
Mudstone, anhydrite or gypsum, and halite are pres-
ent in the central part of the Williston basin in
North Dakota and Montana. Detrital and evaporite
rocks are present in southeastern Wyoming and south-
western South Dakota. Normal and calcereous mud-
stone form a northeast-trending belt across the north-
ern and the southern facies.

In the southern part of the region detrital and
evaporitic rocks form the thick lower part of only
interval B (the Owl Canyon Formation or lower part
of the Satanka Shale). These rocks are predomi-
nantly sandstone near the northern limit of deposi-
tion from the northern Laramie Range to the south-
ern Black Hills but grade southward into siltstone
and evaporite rock. This evaporite rock, including
halite, 1s most abundant in the ancestral Julesburg
basin, in northwestern Nebraska.

The dominant facies of the central part of the
region is determined by the Opeche Shale and the
Minnekahta Limestone. Although these formations
are present north and south of this area, they are
masked by thick underlying sedimentary rocks of
contrasting composition. In central Wyoming, inter-
val B is mainly carbonate rock, but eastward it is
mostly mudstone. Minor amounts of evaporite rock
occur in many places. Carbonate rock dominates
along a sinuous band trending north-south through
the Powder River Basin in southeastern Montana and
northeastern Wyoming (I-450, pl. 4). This carbon-
ate rock 1s within the Opeche Shale. The south end
of the carbonate rock band curves westward and may
connect with similar carbonate rock in the lower part
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Ficure 49.—Thickness of interval B in central and eastern Wyoming, Montana, the Dakotas, and parts of adjacent States.
Isopach interval 100 feet. Isopachs dashed where control is poor, dotted where Permian rocks have not been penetrated by
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than interval B have not been penetrated.
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of the Park City Formation of central Wyoming. A
branch of this band extends southward west of the
Black Hills into a basin in northwestern Nebraska.

In central Wyoming, interval B grades westward
from mudstone to carbonate rock. Detrital rock in
this area is mainly red in the east and green in the
west. Anhydrite grades westward into dolomitic
limestone.

Lithofacies in the northern part of this region, near
the Williston basin, resemble those in the central part,
except for more gypsum, anhydrite, or halite in the
Opeche Shale.

Near the east margin of interval B in North Da-
kota and South Dakota, the abundance of sandstone
indicates an influx of relatively coarse detrital sedi-
ment from an eastern positive element.

SOURCES AND ENVIRONMENTS

The source of the Owl Canyon Formation in the
lower part of interval B was probably chiefly to the
northwest but partly to the west or possibly south-
west. Much of the detritus must have come from
Pennsylvanian and lower Permian rocks in the Ten-
sleep, Casper, Hartville, and Minnelusa Formations.
Another source which included rocks as old as Pre-
cambrian may have been to the west or southwest,
beyond the Laramie Basin.

Rocks forming the lower part of interval B were
probably dune, delta, littoral, and neritic deposits
near the margin of a sea to the southeast. Sand near
the northwest and southwest margins was probably
deposited chiefly by wind, as indicated by many
wedge-planar sets of high-angle cross-stratification.
This probable eolian sandstone grades laterally into
horizontally stratified red sandstone and mudstone
that may have been deposited on deltas or tidal flats.
Farther southeast, where evaporites intertongue, there
was a very saline sea.

The Opeche and the Minnekahta, in the upper part
of interval B, seem to have been deposited in a partly
restricted sea. This sea’s advance into the region
followed a time of regression and took place during
deposition of the lower part of the interval. At first
the sea was shallow and of greater than normal
salinity. Later, the depth of water apparently in-
creased, and salinity decreased to nearly normal con-
centrations, except in southeastern Wyoming and
adjacent areas in Nebraska and Colorado, where
salinity remained high.

The Opeche is probably transitional from conti-
nental into marine deposits, although the red color
and lack of fossils suggest the possibility of conti-
nental origin. A transitional environment is sug-
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gested by stratigraphic position; widespread uniformly
thick deposits; inclusion of dolomite, anhydrite, gyp-
sum, and halite; gradation upward into marine Min-
nekahta Limestone; and uniformity of color.

The Minnekahta Limestone is largely of marine
origin as indicated by carbonate lithology and marine
fossils. The water in which it formed was probably
of near normal salinity, but many factors, such as
the dearth of fossils, widespread dolomitization of the
limestone, and local patches of anhydrite or gypsum,
suggest local abnormal conditions.

Carbonate sediment of the Minnekahta Formation
was deposited contemporaneously with anhydrite and
gypsum of the Blaine to the southeast, and a physical
or hydrostatic barrier may have separated nearly nor-
mal sea water in one area from supersaline water in
the other.

A low sill in central Wyoming connected the east-
ern Wyoming sea with the Phosphoria sea to the
west. Because the sill was relatively shallow and
narrow, it probably did not afford ample space for
reflux circulation necessary for maintenance of nor-
mal marine salinity in the basin to the east. An al-
ternative explanation for mnearly normal marine
conditions in eastern Wyoming is that circulation may
have been established through a connection to the
north with a sea in Canada, beyond the present trun-
cated limits of the Minnekahta in North Dakota.

PALEOTECTONIC IMPLICATIONS

The sea in central Wyoming, southeastern Montana,
and southwestern North Dakota in which strata of
interval A were deposited during Early Permian
(Wolfcamp) time, withdrew to the southeast because
of slight uplift north of an east-northeast-trending
hinge, approximately coinciding with the belt of the
structural elements of the Wyoming lineament (Ran-
some, 1915, p. 294-295; Blackstone, 1956, p. 8, 18).

During interval B the sea transgressed into south-
eastern Wyoming and southwestern South Dakota but
was slowed or halted along the hinge and did not cross
it until later in interval B. This transgression from
the south coincided with a transgression of the Phos-
phoria sea from the west, and when these joined they
inundated eastern Wyoming, Montana, and the
Dakotas.

Faulting or sharp folding along ancient structural
elements affected rocks as young as those in the upper
part of interval B. This faulting or folding was
related to a general uplift of the northern part of the
region. The most clearly defined structure is a
probable fault in southeastern Montana and north-
western South Dakota along the present Cedar Creek
anticline. Rocks similar to the Opeche Shale occur
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on both sides of this structure but are much thinner
on the west. Whether deformation occurred shortly
before or during deposition of the Opeche Shale is
not certain, but thickness of the overlying Minne-
kahta Limestone and of the underlying upper part
of the Minnelusa Formation were not significantly
affected.

A fault or a fold near the west margin of the
Powder River Basin closely parallels the Cedar Creek
anticline and affected the thickness and distribution
of both the Opeche and Minnekahta. West of it
interval B extends much farther north in the Bighorn
Basin than in the Powder River Basin. The western
block was lowered relative to the eastern block, and
movement probably occurred before deposition of the
upper part of interval B, as the Opeche and Minne-
kahta wedge out similarly upon both blocks.

The apparent offset of rocks in the upper part of
interval B along the present trend of the Bighorn
Mountains is alined with the Horn fault of Laramide
age and with older structural elements- farther south-
east along the northeast side of the Laramie Range
and in the Julesburg basin. An ancient structural
element may have extended southeastward along this
alinement into the Julesburg basin, as rocks in the
lower part of interval B thin over it (fig. 49). This
element approximately coincides in central Wyoming
with the northeast flank of the Casper arch (fig. 44),
to which it may have been ancestral.

INTERVAL C-D
FORMATIONS INCLUDED

Several overlapping sets of names have been used
for interval C-D of the Permian System in this region
of eastern Wyoming, eastern Montana, North Dakota,
and South Dakota. l

In outcrops in the Black Hills and in the subsur-
face northward into Montana and North Dakota,
rocks of this interval include the lower part of the
Spearfish Formation and, locally, the Pine Salt.

In southeastern Wyoming, strata equivalent to the
lower part of the Spearfish are the upper part of the
Satanka Shale, the Glendo Nhale, the Forelle Lime-
stone, and the lower part of the Chugwater Formation.

In central Wyoming, interval C-D is part of the
Goose Egg Formation. which includes the Glendo
Shale and Forelle Limestone also, as well as the lower
part. of the Freezeout Tongue of the Chugwater For-
mation (Thomas, H. D., 1934, p. 1670), and the Ervay
Carbonate Rock Member of the Park City Formation.
These units were incorporated as members in the
Goose Egg at its type section (Burk and Thomas,
1956, p. 9-10. This nomenclature has subsequently
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been extended to adjacent parts of northeastern Wyo-
ming( Privrasky and others, 1958, p. 50, 52).

In the Bighorn Basin and adjacent areas of north-
central Wyoming and south-central Montana, this
interval occurs in the Embar or Phosphoria Forma-
tions of early usage, now called the Park City Forma-
tion in this area (McKelvey and others, 1956). Here
the upper part of the Franson and Ervay Carbonate
Rock Members of the Park City as well as the east-
ward-extending Retort Phosphatic Shale and Tosi
Chert Tongues of the Phosphoria Formation are
included in the interval.

STRATIGRAPHIC RELATIONS

The lowest unit of interval C-D is the Glendo
Shale, about 60 feet of mudstone and siltstone lying
between the Minnekahta and Forelle Limestones
(Condra and others, 1940, p. 5). Strata equivalent
to the Glendo can be recognized in the upper part of
the Satanka Shale in the Laramie Basin in south-
central and southeastern Wyoming beyond the limits
of the Minnkahta, and in northwestern South Dakota
and nearby States at the base of the Spearfish Forma-
tion beyond the limits of the Forelle.

The Glendo Shale is probably equivalent to the
“Whitehorse Sandstone” to the southeast in the cen-
tral Midcontinent region, although its lower part may
be equivalent to the Dog Creek Shale. Westward in
central Wyoming a tongue of the Glendo apparently
projects into the middle or lower part of the Franson
Member of the Park City Formation. The Glendo
Shale locally includes anhydrite and gypsum lenses
in the Laramie Basin, the Cheyenne area, and farther
south along the Front Range in north-central Colo-
rado. These lenses grade into dolomite or limestone
farther south and have been correlated with the
Falcon Limestone Member of the Lykins Formation
of the Golden, Colo., area (Broin, 1957).

Northward along the east side of the Laramie
Range the Falcon correlates with the Minnekahta,
according to Broin (1957); however, in the Laramie
Basin and on the east side of the range where the
eypsum facies of both the Falcon and the Minnekahta
are present, about 45 feet of typical Glendo Shale
separates these units. The Glendo Shale, therefore,
probably correlates southward with the Harriman
and Bergen Shale Members of the Golden area and
encloses the Falcon Limestone Member.

The Forelle Limestone is a widespread thin unit,
generally about 30 feet thick, of “crinkly” algal lime-
stone (Darton, 1908, p. 430). In central Wyoming
the Forelle is a member of the Goose Egg Formation

(Burk and Thomas, 1956, p. 9). The Forelle changes
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eastward into anhydrite and gypsum; but in the
southern Black Hills, where it is mapped with the
lower part of the Spearfish Formation, it is locally
composed of dolomite and retains its crinkly lamina-
tion (D. E. Wolcott, oral commun., 1959).

The Forelle thins westward across Wyoming to an
edge in central Wyoming; in north-central Wyoming
it connects with the middle or upper part of the
Franson Member of the Park City Formation. This
concept of a westward connection was illustrated by
H. D. Thomas (1934, fig. 3, p. 1664), who showed the
Forelle as an eastward-extending tongue of the Phos-
phoria Formation.

The Forelle also thins northward against a positive
element and is missing in subsurface in the northern
Bighorn and Powder River Basins and in exposures
in the northern Bighorn Mountains. The Forelle is
absent north of the Black Hills also, although strata
of equivalent age probably extend into the Williston
basin, where they are either a basal part of the Pine
Salt or part of the siltstone unit directly below the
Pine.

Southward the Forelle Limestone crops out discon-
tinuously along the east side of the Laramie and
Front Ranges from southern Wyoming into northern
Colorado and is equivalent to the crinkly sandstone,
or Glennon Limestone Member of the Lykins Forma-
tion, near Golden, Colo. (I.eRoy, 1946, p. 44), as well
as to the Day Creek Dolomite of Kansas and equiva-
lents of the Day Creek in Nebraska.

Red mudstone above the Forelle and below the east-
ward-extending Ervay Tongue forms the lower part
of the Freezeout M ember (Thomas, H. D., 1934, p.
1670; Burk and Thomas, 1956, p. 9-10). The Ervay
and contemporaneous evaporitic rocks extend through-
out this region and everywhere separate the Freeze-
out M ember into an upper and a lower unit (Wyoming
Geol. Assoc., 1956). The upper part of the Freezeout
M ember is probably of Triassic age, as it seems to be
stratigraphically equivalent to the lower part of the
Early Triassic Dinwoody Formation farther west.

The lower part of the Freezeout Member averages
20-50 feet in thickness and wedges out northwestward
against a positive element. In parts of eastern Mon-
tana and western North Daliota it intertongues with
halite included in the Pine Salt.

In central Wyoming the lower part of the Freezeout
Member intertongues with parts of the Ervay Car-
bonate Rock and Franson Members of the Park City
Formation and with the Tosi Chert and Retort Phos-
phatic Shale Members of the Phosphoria Formation.
In north-central Colorado it is part of the Lykins For-
mation. The unit may be equivalent to some part of
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the Taloga Formation in Kansas and Quartermaster
in adjacent areas, but strata of this age are eroded in
most of the intervening area.

The Ervay Carbonate Rock Member of the Park
City Formation intertongues eastward and is included
in the Goose Egg Formation in central Wyoming
(Burk and Thomas, 1956, p. 9). The member in-
cludes limestone and dolomite and father east grades
into gypsum and anhydrite, and halite.

The gypsum and anhydrite facies of the Ervay occu-
pies most of eastern Wyoming, western South Dakota,
and adjacent areas. The halite facies or Pine Salt
(Zieglar, 1955, p. 50) occurs principally in the Wil-
liston basin in eastern Montana and North Dakota, but
it also extends into parts of northeastern Wyoming.

The Pine Salt was originally thought to be Jurassic
but now is believed to be mainly Permian, with a small
thickness of Early Triassic at the top (Zieglar, 1955,
p. 55; oral commun., May 1959).

Plate 5 is a correlation of sample and electric logs
from the type section of the Goose Egg Formation
(Burk and Thomas, 1956, p. 6) near Casper, Wyo., to
an oil-test hole in the Pine field near Glendive, Mont.
The Little Medicine Tongue of the Dinwoody Forma-
tion and the red mudstone of the upper part of the
Freezeout Member, probably of Early Triassic age, can
be traced northward from the Goose Egg Formation
into halite in the upper part of the Pine Salt in the
Pine field.

The Ervay and the red mudstone of the lower part
of the Freezeout Member, of Permian age, can be
traced similarly into the lower part of the Pine Salt.
In most of the Williston basin to the north the upper
part of the Pine Salt seems to be absent, so that the
basal Jurassic red-bed unit (Saude Formation of Zieg-
lar) overlies halite of Permian age.

Equivalents of the Ervay extend into southeastern
Wyoming and perhaps into nearby Colorado and Ne-
braska. Qutcrops are poor, but subsurface data from
the Laramie Basin and the northern part of the Den-
ver-Julesburg basin indicate that these strata are
mostly gypsum and anhydrite, with some red mud-
stone and dolomite. Surface exposures contain rela-
tively little gypsum and anhydrite, for the reasons
suggested by Mudge (chap. F); and equivalents of
the Ervay and lower part of the Freezeout are gen-
erally included as part of the Chugwater Formation.

UPPER BOUNDARY OF INTERVAL C-D
The Ervay Carbonate Rock Member of the Park
City Formation and the probably equivalent parts of

the Pine Salt are the youngest Permian rocks through-
out the eastern Wyoming-Montana-Dakota region, and
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the youngest of interval C-D. In most of the region
they are overlain with seeming conformity by correla-
tives of the Dinwoody Formation of Early Triassic
age. Near the present limits of interval C-D in the
Dakotas, the strata of Triassic age have been removed
by erosion and the interval is overlain by Jurassic
rocks.

The nature of the contact between strata assigned
to the Permian and Triassic Systems in this region is
uncertain. The several alternatives are discussed in
greater detail by R. P. Sheldon (chap. H, p. 164-166) ;
evidence in eastern Wyoming seems to favor nearly
continuous deposition, and only a short hiatus, if any,
seems possible between Permian and Triassic strata.

Regressive offlap in Permian time succeeded by
local erosion and transgressive overlap in Early Tri-
assic time is most likely in eastern Wyoming. Ero-
sion had little effect on the uppermeost Permian rocks
and may have only occurred in a few places, such as
the southern part of the Laramie Basin (I-450, pl.
14C) near the tectonically unstable Front Range high-
land. Continuous or nearly continuous depesition is
suggested by conformity in most other places between
uppermost Permian and basal Triassic strata, by
similar distribution of facies, as well as by widespread
distribution in uppermost Permian strata of readily
soluble evaporitic rocks, which were probably not
leached prior to deposition of the basal Triassic strata.

THICKNESS TRENDS

Interval C-D thickens southward and eastward from
its depositional edge in southeastern and south-cen-
tral Montana (fig. 50). Although differences in
thickness are generally slight, the rocks abruptly
thicken to about 450 feet east of the Cedar Creek
anticline. The interval wedges out not far west of
the Cedar Creek anticline (I-450, pl. 14D). The
lower part of the interval has about the same thickness
on both sides of the anticline, and the difference in
thickness is in the upper part. These rocks also thin
and wedge out near the Sierra Madre in south-central
Wyoming.

Interval C-D is as much as 450 feet thick in north-
western South Dakota, in the present Powder River
Basin in northeastern Wyoming, and in the northern
part of the present Julesburg basin of western Ne-
braska. Elsewhere the interval is 150-250 feet thick.
Local miner thickening suggests incipient basins near
the present Bighorn and Laramie Basins.

In the Black Hills original thickness of interval C-D
was probably somewhat less than in surrounding areas,
but the present thickness to the north and east appar-
ently also results from erosion before deposition of
overlying Jurassic strata.
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LITHOFACIES TRENDS

Interval C-D throughout the region is mainly fine-
grained detrital rock, interstratified with small
amounts of evaperitic rock. The detrital rock con-
sists mainly of extensive blanket deposits of clay and
silt. The evaporitic rock also forms blankets mostly
of anhydrite and gypsum but locally of dolomite, lime-
stone, or halite.

The dolomite and limestone are most abundant in
the western part of the region, and halite occurs only
in the eastern part (pl. 5; and I-450, pl. 5), as in
the Williston basin area. These rocks are increas-
ingly calcareous to the west, and most of the detrital
rocks, as well as the evaporitic rocks, intertongue with
carbonate rock deposited in the Phesphoria sea of
central Wyoming.

SOURCES AND ENVIRONMENTS

Interval C-D seems to have been deposited in a shal-
low sea during a warm arid period. A “specialized
marine environment” (Thomas, H. D., 1934, p. 1692
1693) is believed to be indicated because: (a) Indi-
vidual beds of red mudstone only show slight varia-
tion in thickness or in texture over wide areas; (b)
mud cracks or rain-drop impressions have never been
noted in the red mudstone; (c¢) the shaly mudstone
lacks certain features—such as lenticularity of beds
or changes in texture within short distances, chan-
neling, and cross-lamination—which are common char-
acteristics of red beds of unquestionable continental
origin; (d) red mudstone is intercalated and inter-
graded with limestone or sandstone of undoubted
marine origin and with laminated chert of probable
marine origin; (e) the absence of fossils in the red
beds indicates nething regarding environment of
depesition.

Evidence of an arid climate (Richardson, G. B.,
1903, p. 389-390) at the time sediments of interval
C-D were deposited consists of beds of rock salt and
gypsum and a paucity of organic matter. Absence
of organic remains and of chemical reduction, which
would have changed the red ferric oxides to drab
ferrous compounds, testifies to relatively arid climate.

Detritus in interval C-D was apparently derived
from adjacent positive elements which probably were
low and deeply weathered in a warm arid climate.
The uniformly fine size of detrital particles suggests
residual red soil as a source (Richardson, G. B., 1903,
p. 389-391). The ancestral Rocky Mountains were
probably the chief contributor (Thomas, H. D., 1934,
p. 1691-1692; Richardson, G. B., 1903, p. 388). An
increase in abundance of detritus eastward suggests
an eastern source also (Thomas, H. D., 1934, p. 1692),
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and some material may have come from a positive
element to the northwest in central Montana.

PALEOTECTONIC IMPLICATIONS

Strata of interval C-D in the northern Midconti-
nent region indicate only slight tectonic instability
during the latter part of the Permian. The sedi-
ments were deposited in a wide shallow basin bordered
on the north, east, and southwest by low positive ele-
ments. The basin had approximately the same ex-
tent as the basin in which the upper strata of interval
B were deposited.

Epeirogeny seems to have affected the entire north-
ern Midcontinent region during the time of interval
C-D. Gradual marine transgression across the adja-
cent positive areas is indicated by overlapping of pro-
gressively younger Permian strata. Thus, the upper-
most unit, the Ervay and equivalent strata, is the
most widespread Permian unit.

Several small basins formed in areas approximately
coincident. with Mesozoic structural basins which
strongly influenced the modern physiography. The
most conspicuous of these was on the site of the present
Williston basin of western North Dakota and eastern
Montana.

Near the west margin of the Permian Williston
basin, a fault or sharp fold formed near the axis of
the present Cedar Creek anticline (fig. 50). Move-
ment on this structure during interval C-D probably
occurred after deposition of the @lendo Shale and
Forelle Limestone, or their temporal equivalents, but
before deposition of Lower Triassic strata. Thick-
ness of the lower units is similar on both sides of the
structure; on the other hand, thickness of the upper
units, consisting of the Pine Salt and related strata, is
greatly different on opposite sides of this fault or
sharp monoclinal fold.

Thick accumulations of sediment approximately
coincide in position with the Powder River Basin and
the northern part of the Denver-Julesburg basin and
possibly with the Bighorn and Laramie Basins.
These thick deposits seemingly indicate tectonically
unstable areas which were persistently or intermit-
tently active through long periods. The thinning of
interval C-D in the Black Hills area indicates a posi-
tive tendency there for the first time in the Permian.
A conspicuous structural feature was not formed in
this area, however, until the Laramide orogeny.

TOTAL THICKNESS OF PERMIAN ROCKS
THICKNESS TRENDS

Permian rocks of the northern Midcontinent region
thicken westward and southward from an edge in
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western South Dakota and North Dakota and in east-
ern Montana (fig. 51). These rocks also thicken
from an edge in the Sierra Madre area in south-cen-
tral Wyoming, where they overlap older rocks. Their
original thickness has been reduced in most parts of
South Dakota and North Dakota and in extreme mid-
dle-eastern Montana by pre-Jurassic erosion. In
other parts of eastern Montana and in south-central
Montana, Permian rocks are thin because of overlap
upon older rocks.

The maximum thickness of Permian rocks in this
region is 1,275 feet in the Julesburg basin at the Ne-
braska-Wyoming State line. Another maximum of
about 950 feet is in the Williston basin.  Still an-
other, of as much as 970 feet, is in the subsurface near
the Black Hills. This maximum may originally have
been 1,000-1,200 feet, but it has been reduced by solu-
tion of gypsum and anhydrite in the lower part.

Several northwest and northeast trends seem to
have been controlled by major regional structural
elements. The most prominent structural element is
a probable fault, coincident with the Cedar Creek anti-
cline. This structure separates an area of relatively
thick rocks on the east from one of relatively thin
rocks on the west. The eroded northeast edge of the
Permian near the Nesson anticline in North Dakota
trends roughly parallel to the Cedar Creek element
and is probably structurally controlled also.

The most prominent northeast trend is a narrow
belt of anomalous thicknesses in southeastern Wyo-
ming through the northern Laramie Range, approxi-
mately coincident with the present Wyoming linea-
ment (Ransome, 1915, p. 294-295; Blackstone, 1956,
p. 8, 18). Other less prominent trends parallel this
belt, including one near Casper, Wyo., where interval
A is much thicker than in adjacent areas shown on
plate 3 of I-450. The depositional limit of Permian
rocks in south-central and southeastern Montana also
has a northeast trend. In North Dakota and South
Dakota, belts of thin Permian rocks parallel trends
extending northeastward from near the north and
south ends of the Black Hills uplift.

PALEOTECTONIC IMPLICATIONS

The distribution and composition of Permian rocks
in this region indicate deposition in a slightly de-
pressed area adjacent to the Cordilleran miogeosyn-
cline. The embayment formed by this depressed area
was filled by a sea encroaching from the southeast
early in Permian time. This embayment did not at
first connect westward with the Cordilleran geosyn-
cline, Sediments were widely and rather uniformly
deposited in the embayment as the Permian sea grad-
ually extended onto adjacent positive areas and finally,
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after a regression and transgression in the time of
interval B, connected with the Cordilleran sea through
central Wyoming.

Positive elements adjacent to this northern Mid-
continent basin seem to have grown in the late stages
of the Pennsylvanian or early in Permian time. The
northern extension in Wyoming of the ancentral
Front Range highland, which influenced the distribu-
tion and lithology of the sediments of Pennsylvanian
age, remained positive but low through Permian time.
Early in Permian time, as in Pennsylvanian time, this
positive area was reduced mainly by erosion; later in
Permian time, epeirogeny or eustatic changes, or both,
nearly obliterated it.

A northern positive element which extended south-
ward from north-central Montana into northern Wyo-
ming was reduced in size during Permian time either
by downwarping or by a eustatic rise similar to that
believed to have reduced the northern extension of
the ancestral Front Range highland. This positive
element, unlike the ancestral Front Range, however,
does not seem to have existed before Permian time.
Deposition in this area in Pennsylvanian time was
apparently in a widespread marine basin, as no shore
facies of the rocks involved have been recognized
(J. W. Goldsmith, in McKee and others, 1959, p. 4).

The northern positive element persisted into Triassic
time, as indicated by overlapping and wedging out of
Triassic rocks beyond the depositional edge of Permian
rocks. The rate of regional sinking and of deposi-
tion from Late Permian to Early Triassic time prob-
ably did not change significantly; therefore approxi-
mately the same area remained positive until Middle
Jurassic time. By that time this northern positive
element appears to have been nearly or entirely de-
stroyed and to have become part of a basin in which
Middle Jurassic strata were deposited unconformably
on rocks of Paleozoic age (McKee and others, 1956,
pl. 2). A large island in central Montana during
Middle Jurassic time (McKee and others, 1956, pl. 5)
is possibly a remnant of this positive element.

The Permian Black Hills basin, which is sur-
rounded by relatively thin rocks of interval A, was
destroyed, and a platform formed in its place during
Late Permian time. This platform may indicate an
incipient structural element which later became the
modern Black Hills uplift.

In the Williston basin area, sinking, such as oc-
curred in early Paleozoic time, was renewed. Much of
the sinking along the west side of the basin coincided
with the present Cedar Creek anticline.  Similar
structures probably bounded other parts of this basin
in Permian time.
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The Powder River Basin and possibly also the Big-
horn and Laramie Basins apparently formed in Per-
mian time, but these areas did not sink appreciably
until late in the period. Whether the position of
these subsiding areas coincided with that of earlier
tectonic elements is not known. In any event the
sinking in Late Permian time approximately corre-
sponds in location to later structural features, which
suggests incipient development of those basins that
became important during the Laramide orogeny.

The Wyoming lineament, as defined by Ransome
(1915, p. 294-295), seems to have been a hinge line
during part of interval B time, for deposits then were
chiefly limited to the area south of this structural
element. Tectonic activity along the lineament did
not affect other Permian rocks until after Permian
time. These rocks were then completely removed in
some places and appreciably thinned in other places
along the lineament.

GEOLOGIC UNITS DIRECTLY ABOVE PERMIAN SYSTEM
UNITS OVERLYING PERMIAN

Strata of Early Triassic age which lie with appar-
ent conformity upon Permian rocks throughout most
of this region are equivalent to the Dinwoody Forma-
tion of western Wyoming. Although the Dinwoody
is dominantly composed of carbonate rock, its eastern
equilavent is largely composed of red mudstone and
evaporite rock.

These strata in central Wyoming form the upper
part of the Goose Egg Formation (Burk and Thomas,
1956), which also extends into eastern Wyoming and
adjacent areas in Montana, North Dakota, and South
Dakota (Goldsmith, in McKee and others, 1959, p.
10), where they are a part of the Spearfish Forma-
tion. Counterparts of these strata are included at
the top of the Pine Salt in the Williston Basin
(fig. 52).

In the northern and eastern parts of the region, red
beds overlying the Permian are called the Saude For-
mation (Zieglar, 1955, p. 52-53; 1956, p. 175-176) and
are assigned a Jurassic age in this paper (fig. 53).
These beds were questionably included in Triassic
interval A (Goldsmith, in McKee and others, 1959, p.
11, cols. 1, 2), but studies by the writer, which incor-
porate newly available data, confirm a possible Late
Triassic or a probable Jurassic age. A series of
columnar sections (pl. 5) and unpublished data con-
firm a probably conformable position of the “Spear-
fish” or Saude Formation below the Piper and Gyp-
sum Spring Formations in the southern part of the
present Williston basin and the northern part of the
Powder River Basin. These red beds lie uncon-
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Ficure 53.—Correlation of Jurassic, Triassic, and Permian rocks in the Black Hills of South Dakota and the Williston basin of
North Dakota.

formably above Paleozoic strata as old as Devonian
in the northeastern Williston basin (Zieglar, 1956, p.
175, 118, fig. 9) and form a wedge through onlap
against strata of the Chugwater or Spearfish Forma-
tions of Early Triassic age in the subsurface of the
Powder River and Williston basins north of the Black
Hills (pl. 5).

The Saude Formation is believed to have formed
chiefly through erosion of the Spearfish. Conse-
quently, the red beds of this formation are very simi-
lar to those of the Spearfish, and the two units are
difficult to separate where they are in contact. The
Saude is unfossiliferous but seems to be related to the
transgressive cycle of sedimentation which began in
earlier Jurassic or Late Triassic time (Francis, D. R.,
1956, p. 180-181) and produced the overlying Piper
Formation of definite Middle Jurassic age.

PALEOTECTONIC IMPLICATIONS

The presence of apparently conformable Lower
Triassic rocks indicates a continuation of relatively
stable tectonic conditions from Permian into Triassic
time (pl. 5). Depositional filling of basins, possibly
related to epeirogenic sinking in Late Permian time,
seems to have continued at a uniform rate into the
Early Triassic and may have continued until about
Middle Triassic time.

An inverse relation between thicknesses of Lower
Triassic strata and uppermost Permian strata occurs
in a few areas. In central and eastern Wyoming,
relatively thick Permian rocks approximately coincide

with areas where Triassic rocks are thin, as though
the structural element behaved differently in Permian
and in Triassic times, as well as in Triassic and later
Mesozoic times (S. S. Oriel, in McKee and others,
1959, p. 19). Another possibility is that uniformly
thick Triassic sediments were originally deposited but
were differentially compacted.

In contrast to the persistent stability of the region,
renewal of relatively strong regional uplift followed
deposition of Lower Triassic strata and preceded
deposition of Middle Jurassic strata in northeastern
Montana, nearby North Dakota, and South Dakota.
This uplift probably coincided approximately with
the positive elements that formed in these areas during
Permian time and that persisted well into Mesozoic
time.

The record in the northern part of this region
during Triassic time, though largely destroyed, sug-
gests that sediments which accumulated during Early
Triassic time continued to spread over the positive
element and may have finally buried it. In Late
Triassic and Early Jurassic time, renewed uplift, cen-
tering in Montana, extended eastward into the Wil-
liston basin. Later this positive element was mostly
destroyed, the area was tilted northward, and the
Middle Jurassic sea transgressed from the north.

A more complex tectonic history would be required
if the Saude Formation were of Triassic age, which
is an additional reason for favoring the revised cor-
relation proposed above.
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PALEOTECTONIC INVESTIGATIONS OF THE PERMIAN SYSTEM IN THE UNITED STATES

MIDDLE ROCKY MOUNTAINS AND NORTHEASTERN GREAT BASIN

By Ricuarp P. SHeLpoN, EarL R. Cressman, THomMas M. CrENEY, and VINCENT E. McKELVEY

ABSTRACT

The Middle Rocky Mountain and northeastern Great Basin
region was the site of miogeosynclinal and cratonic sedimenta-
tion during the Permian Period. Facies in rocks of this
region are related to the tectonic units, which indicates that
the units were active in Permian time. Furthermore, several
structural units of the next smaller magnitude—the Uinta
Mountains, the Green River Basin, and the Wind River
Range—seem to have exerted some control on Permian sedi-
mentation.

Permian sediments were deposited across the entire region,
probably disconformably, on Pennsylvanian rocks consisting
mostly of sandstone of shallow-water origin. Thus the region
was tectonically stable before Permian sedimentation began.

Interval A sediments consisted mostly of sand deposited
in a geosyncline, with progressively more limy sediments
westward. Intervals B and C-D each consist of strata formed
in a transgressive-regressive cycle. In each interval black
mud, silica and phosphate, which make up the Phosphoria
Formation, were deposited, mostly in the geosyncline. Car-
bonate sediment. of the Park City Formation, sand of the
Shedhorn, and red beds of the Goose Egg and Moenkopi For-
mations were deposited on the craton.

At the end of Permian sedimentation, the cratonic area
became slightly positive and the geosynclinal area remained
slightly negative. The geosyncline may have received sedi-
ments continuously into Triassic time,

REGION DEFINED

The Middle Rocky Mountain and northeastern Great
Basin region comprises Idaho, southwestern Montana,
western Wyoming, northern Utah, and northeastern
Nevada. Geologically this region includes the cen-
tral Cordilleran foreland, whose structure is relatively
simple, and the Cordilleran geanticline. The Cor-
dilleran geanticline consists of folded and overthrust
Paleozoic and Mesozoic rocks in eastern Idaho and
the more intensely faulted Paleozoic and Mesozoic
rocks in the eastern Great Basin. These major
tectonic elements were active in Permian time, and
facies of the Permian rocks show a close relationship
to them. Across the whole area the Permian facies
show a varied and complex pattern.

PALEOGEOLOGY
UNITS UNDERLYING PERMIAN

Beds of Pennsylvanian age underlie the Permian
System over all the Middle Rocky Mountains and
northeastern Great Basin. In southwestern Montana
the underlying Pennsylvanian beds are the Quadrant
Quartzite; in western Wyoming, the Tensleep Sand-
stone; in southeastern Idaho and immediately adjacent
areas, the lower member of the Wells Formation; in
northeastern Utah, the Weber Quartzite; in parts of
north-central and northwestern Utah, the lower part
of the Oquirrh Formation ; and in northeastern Nevada,
extreme northeastern Utah and south-central Idaho,
an unnamed sandstone. The precise ages and strati-
graphic relations of these formations are not fully
established, but they represent a widespread body of
sandstone, intertongued with limestone in the western
part of the region.

LOWER BOUNDARY OF PERMIAN

Permian and Pennsylvanian rocks are concordant
throughout the region. In several places they are
disconformable, as in the Wind River and Gros Ventre
Ranges of Wyoming (Sheldon, 1957, p. 124; Keefer,
1957. p. 174), where the contact is marked by a con-
glomerate or an erosion surface on top of the Pennsyl-
vanian sandstone. In other places paleontologic
evidence demonstrates an absence either of Lower
Permian or of Upper Pennsylvanian rocks.

PALEOTECTONIC IMPLICATIONS

At the end of Pennsylvanian time the Middle Rocky
Mountain region had been blanketed by Pennsylvanian
sandstone of probable shallow-water shelf origin.
Most of this region then underwent slight erosion but
not enough to expose Mississippian or older rocks.
The region was thus tectonically stable before Permian
sedimentation began.
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INTERVAL A
FORMATIONS INCLUDED

In southeastern Idaho interval A consists of the
middle sandy facies of the Wells Formation, as de-
scribed by Mansfield (1927, p. 72). The same unit
has been recently mapped by the U.S. Geological
Survey as the upper member of the Wells Formation.
Diagnostic fossils have not been found in the upper
half of the unit, but fusulinids indicate that most of
the lower half is of Wolfcamp age (McKelvey and
others, 1959, p. 36). Beds in the basal few feet—
lithologically like the rest of the unit but containing
fusulinids of Middle Pennsylvanian age—are included
for operational purposes in interval A, because it is
not practical to separate them, and their thickness
does not materially affect regional trends.

In southwestern Montana, interval A includes all
but the uppermost part of.the Grandeur Member of
the Park City Formation. The Grandeur in this area
is assigned to interval A because fusulinids of prob-
able Wolfcamp age occur near the base near Three
Forks (Frenzel and Mundorff, 1942; J. Steele Wil-
liams, in McKelvey and others, 1959. p. 36). Rocks
of Wolfcamp age may be much more extensive in
western Montana than shown in figure 54, but at
present they cannot be traced by either faunal or
lithologic correlation beyond the limits shown.

In northeastern Nevada and northwestern Utah an
unnamed and poorly defined sequence of sandstone and
limestone is included in interval A. This lies below
rocks equivalent to the grandeur Member of the Park
City Formation of northeastern Utah and the Plymp-
ton Formation of the Confusion Range in west-central
Utah (Hose and Repenning, 1959) and overlies rocks
of Pennsylvanian age.

In northeastern Utah, sandstone beds at the top of
the Weber Sandstone contain Wolfcamp fusulinids
(Bissell and Childs, 1958) and are included in inter-
val A. In the northern Oquirrh Range of Utah, the
upper part of the Oquirrh Formation contains Wolf-
camp fossils and is included in interval A (E. W.
Tooker and R. J. Roberts, oral commun., 1959). In-
terval A in the Charleston thrust plate in the Provo
area includes the upper part of the Oquirrh Formation
and the overlying Kirkman Limestone and Diamond
Creek Sandstone.

UPPER BOUNDARY OF INTERVAL A

In southeastern Idaho the upper boundary of inter-
val A is placed at the contact between the Wells For-
mation and the conformably overlying Grandeur
Tongue of the Park City Formation.

In southern Beaverhead County, Mont., the upper
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third or quarter of the Grandeur is interbedded red
and tan mudstone and tan sandstone; the lower part
is dolomite with some interbedded sandstone. The
upper boundary of interval A has been placed at the
top of the dolomite. The upper mudstone and sand-
stone unit, where present, is assigned to interval B,
but it is missing in many parts of southwestern Mon-
tana, and therefore the dolomite directly and discon-
formably underlies either the Meade Peak Phosphatic
Shale Tongue of the Phosphoria Formation or the
lower member of the Shedhorn Sandstone.

THICKNESS TRENDS

Isopachs of interval A (fig. 54) in southeastern
Idaho and westernmost Wyoming parallel arcuate
trends of the present-day major structural features.
The eastern limit of rocks assigned to this interval
nearly coincides with the east edge of the Paleozoic
miogeosyncline (as defined by the Wasatch line of
Kay, 1951). The interval thickens westward to 7,000
feet in eastern Cassia County, Idaho, the westernmost
area in Idaho for which information is available.

In southwestern Montana, thinning of interval A
along a north-south structural axis in eastern Beaver-
head County is superimposed upon a regional pattern
of northward and eastward thinning

In northern Utah and northeastern Nevada, data
are insufficient for accurate determination of thickness
variations but suggest that autochthonous rocks of
this interval thicken westward to a maximum of 7,500
feet in northwestern Utah. An even greater thick-
ness of more than 12,000 feet occurs in the eastwardly
displaced Charleston thrust sheet, south of Salt Lake
City. In a small area in the eastern part of the Uinta
Mountains an outlier of rocks of this interval is only
140 feet thick.

LITHOFACIES TRENDS

Dolomite interpreted as marine is the dominant rock
type in interval A in southwestern Montana, but the
axis of thinning in eastern Beaverhead County is re-
flected by more sandstone than is present to the east
and west (I-450, pl. 3). Across the rest of the
region the interval is dominantly sandstone. In
northeastern Nevada and northwestern Utah, lithologic
data are insufficient to show a lithofacies pattern.

The interval contains more sandstone in Wyoming
than in Idaho; an eastern source for the sand is there-

fore indicated.

PALEOTECTONIC IMPLICATIONS
Dominant features in this region early in the Per-
mian Period were a geosyncline in Idaho and adjacent
areas to the north and south and a shelf in Wyoming
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and adjacent areas. Deposition was limited to the | geosyncline kept pace with subsidence so that the
geosyncline, except for the small outlier in the eastern | sandstone and limestone of interval A were laid down
Uinta Mountains, Utah (fig. 62). Deposition in the | in relatively shallow water.
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F1GurE 54.—Thickness of interval A in Middle Rocky Mountains and northeastern Great Basin. Isopach intervals
100 and 500 feet. Isopachs dashed where control is poor, dotted where Permian rocks have not been penetrated
by drill. @, indicates where Permian rocks have been identified, but control is inadequate for isopach construction;
thicknesses in feet. Approximate trace of thrust fault shown by sawtooth line; sawteeth on upper plate. Dark
pattern, areas where rocks older than Permian are exposed; light pattern, areas where Permian rocks younger than
interval A have not been penetrated.
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INTERVAL B
FORMATIONS INCLUDED

Several contemporaneous intertonguing formations
constitute interval B in the Middle Rocky Mountains
and northeastern Great Basin (I-450, pl. 144).

In western Montana, eastern Idaho, western Wyo-
ming, and northeastern Utah, interval B comprises
the Meade Peak Phosphatic Shale Member, the lower
part of the Rex Chert Member, and the lower chert
member of the Phosphoria Formation; the lower part
of the Franson Member and the Grandeur Member
of the Park City Formation (in Montana only the
upper part of the Grandeur is included) ; and, in the
Yellowstone Park area, the lower half of the lower
member of the Shedhorn Sandstone (McKelvey and
others, 1959).

In northwestern Utah and northeastern Nevada,
interval B is an unnamed sequence of limestone, dolo-
mite, chert, and phosphatic shale that is equivalent to
the combined Grandeur Member and lower part of the
Franson Member of the Park City Formation; in
northeastern Utah this intertongues with the Phos-
phoria Formation. This unnamed sequence is equiva-
lent also to the Kaibab Limestone and lower part of
the Plympton Formation of the Confusion Range in
west-central Utah (Hose and Repenning, 1959).

STRATIGRAPHIC RELATIONS

Interval B in the Middle Rocky Mountains and
northeastern Great Basin forms one transgressive-
regressive cycle. Ideally the cycle consists from base
to top of red beds, light-colored mudstone and evapor-
ite, light-colored dolomite and sandstone, light-colored
bioclastic limestone and sandstone, chert, and dark
interbedded phosphorite, dolomite, and mudstone, and
finally dark mudstone alone, overlain by the same
sequence in reverse order (Sheldon, 1957, p. 140;
Cheney and Sheldon, 1959, p. 95).

All parts of the ideal cycle do not occur in any one
place, but most parts of it are present at many locali-
ties; it is most complete in western Wyoming. The
vertical sequence of red beds through dark mudstone
also represents the ideal lateral sequence of facies at
any one horizon from shallow water on the east, north,
and south to relatively deep water on the west.

In terms of stratigraphic umits, the Meade Peak
Phosphatic Shale Member of the Phosphoria Forma-
tion, typically developed in southeastern Idaho, is the
deepest water facies and grades northward, eastward,
and southward through chert of the Phosphoria For-
mation into carbonate rock of the Park City Forma-
tion. It also grades northeastward into the Shedhorn
Sandstone. In Wyoming the Park City Formation,
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in turn, grades eastward into the shallow-water red
beds of the Goose Egg Formation.

UPPER BOUNDARY OF INTERVAL B

In western Wyoming a horizon of maximum regres-
sion forms the top of interval B and has been traced
westward by lithologic correlation. This horizon is
considered to be the top of the interval because:

1. Faunas from the Grandeur Member of the Park
City Formation and from the Meade Peak Phos-
phatic Shale Member of the Phosphoria Forma-
tion are considered to be of Leonard age (J.
Steele Williams, in McKelvey and others, 1959,
p- 36-39; Miller, A. K., and others, 1957); all
beds above this boundary contain the Spiriferina
pulchra fauna, considered to be of post-Leonard

age (J. Steele Williams, in McKelvey and others,
1959, p. 40).

2. Other logical correlations are possible on the basis
of available data, but the horizon of maximum
regression in western Wyoming can ‘be traced
over a larger area and with more confidence than
any other horizon.

The top of interval B in westernmost Wyoming is
the top of a bed of the lower tongue of the Shedhorn
Sandstone (1450, pl. 144; fig. 55, this report).
Farther east the contact is at the top of a green mud-
stone correlative with this sandstone bed. The green
mudstone is probably correlative with the lower part
of the Glendo Shale of eastern Wyoming.

In southwestern Montana the top of interval B is
within the Franson Member of the Park City Forma-
tion. In north-central Utah it is below the base of
the Mackentire Tongue of the Woodside Formation
of H. D. Thomas (1989) and, where that tongue is
absent, within the Franson at about the same strati-
graphic position. The top of interval B in south-
eastern Idaho is in about the middle of the Rex Chert
Member of the Phosphoria Formation, and in north-
western Utah and northeastern Nevada within beds
equivalent to the Plympton Formation of west-central
Utah.

In some parts of the region near the Cordilleran
geosyncline the contact between intervals B and C-D
is disconformable. In the Gros Ventre and the north-
western Wind River Ranges of northwestern Wyo-
ming, conglomeratic sandstone lies at the top of inter-
val B, indicating erosion farther north (fig. 55). A
similar conglomeratic sandstone in the southeastern
Uinta Mountains of northeastern Utah indicates ero-
sion in the southeastern part of the region.

In southeastern Idaho, west-central Wyoming, and
northern Utah the contact between intervals B and
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C-D is conformable, and the rocks above and below
are much alike. Here the contact is placed arbi-
trarily at horizons that are easily traceable, such as
the tongue of the Shedhorn.

THICKNESS TRENDS

East of the orogenic thrust belt in western Wyoming
and southwestern Montana, interval B is mostly less
than 200 feet thick and thins northward and south-
ward to a featheredge in southwestern Montana and
northeastern Utah (fig. 56).

From the orogenic thrust belt westward interval B
thickens regularly from several hundred feet to nearly
1,500 feet in northeéastern Nevada. In westernmost
Wyoming and eastern Idaho isopachs trend north-
northwestward (fig. 56), generally paralleling the strike
of the thrusts in the orogenic belt, but in northeastern
Utah the trend changes at the Uinta Mountains to
west-southwest.

Several anomalies occur. In Beaverhead County,
southwestern Montana, a northward salient of rocks
thicker than 200 feet occurs (fig. 56). In western
Wyoming there is an eastward salient of rocks thicker
than 100 feet, nearly coinciding with the present-day
Green River basin, that terminates near the Wind
River Range. An abrupt change of direction of
isopachs in northern Utah outlines a broad trough of
thick rocks whose axis almost coincides with the axis
of the Uinta Mountain anticline. Interval B is also
about twice as thick on the allochthonous block of the
Charleston thrust in northeastern Utah as it is on the
autochthonous block.

LITHOFACIES TRENDS

The facies relations described above are apparent
on maps of thin units but are obscured on the litho-
facies map of the whole interval (I-450, pl. 4) because
of widespread intertonguing and superposition of the
previously described rock types. Moreover, dark-
colored, light-colored, and red shales have different
areal distributions but are not differentiated. Never-
theless, the lithofacies patterns on plate 4 of I-450 do
suggest relative abundance of chert, phosphorite, and
dark mudstone in southeastern Idaho, of shallower
water carbonate and sandstone to the north, east, and
south, and of light-colored and red mudstone beyond.

Thickness and hthfacies are related. The thickest
deposits are chert, phosphorite, and dark mudstone,
and the thinnest are carbonate rock, sandstone, light-
colored mudstone, and red mudstone. On plate 4
of I-450 the close relation between the sandstone facies
and the 200-foot isopach is notable. Also, the salient
of thick rock in southwestern Montana is also a salient
of black mudstone, chert, and phosphorite.
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SOURCES AND ENVIRONMENTS

In southeastern Idaho and nearby areas the sedi-
ments of interval B were deposited in an oceanic basin
which passed into an oceanic shelf to the north, east,
and south. Detrital sediments were washed onto the
shelf from lowlands in westernmost Montana or east-
central Idaho, and in central Montana, and from the
ancestral Uncompahgre uplift in northwestern Colo-
rado. The coarser detritus and the carbonates were
deposited on the shelf, and the finer detritus, along
with some carbonates, phosphorite, organic matter, and
silica, was deposited in the oceanic basin.

Sheldon, Maughan, and Cressman (I-450) de-
scribed in detail the sedimentation and paleogeography
at the time of maximum transgression of the rocks of
interval B. That study only concerns a moment of
geologic time, but in general the same conditions per-
sisted throughout interval B time; the main difference
was that the various sedimentary environments were
located farther to the west during the early stages of
transgression and during the following regression. In
one respect the sedimentation at the time of maximum
transgression of the rocks of interval B was not repre-
sentative of the sedimentation at other times during
interval B. The chert facies, formed from sponge
spicules, was not prominently represented. Had
other approximate time horizons been chosen, large
areas of siliceous spicule sedimentation would have
appeared. The reason for this is not clear and
awaits further research.

PALEOTECTONIC IMPLICATIONS

Source areas of detritus were low, as shown by the
fine grain and small amount of the detritus. Both
the source areas and the adjoining shelves were part
of the craton, which was bordered on the west by the
Cordilleran miogeosyncline, where sediments of inter-
val B were laid down in greater thickness and in
deeper water. The Phosphoria Formation, com-
posed of chert, phosphorite, and dark mudstone, is in
general the geosynclinal facies; the carbonate rock of
the Park City Formation, the Shedhorn Sandstone,
and the red mudstone and anhydrite of the Goose Egg
Formation (table 1,col. 33) are the shelf facies.

Sedimentation in the geosyncline seems to have been
continuous from the time of interval B into that of
interval C-D, whereas on the craton it was inter-
rupted by a slight withdrawal of the sea and an
extensive regression of facies.

INTERVAL C-D
FORMATIONS INCLUDED
Interval C-D in the Middle Rocky Mountains of
western Montana, eastern Idaho, western Wyoming,



163

MIDDLE ROCKY MOUNTAINS AND NORTHEASTERN GREAT BASIN

and northeastern Utah comprises parts of four forma- | Shedhorn Sandstone (McKelvey and others, 1959, fig.
1; 1-450, pl. 144). The part of the Phosphoria For-

tions: the Phosphoria; the Woodside Formation, as
mation included in interval C-D consists of the Retort

used by H. D. Thomas (1939) (or Goose Egg in cen-
tral Wyoming) ; the Park City Formation; and the | Phosphatic Shale Member, Tosi Chert Member, cherty
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shale member, and upper part of the Rex Chert Mem-
ber. The part of the Park City Formation included
in interval C-D consists of the Ervay Carbonate Rock
Member and the upper part of the Franson Member.
The upper member and the upper part of the lower
member of the Shedhorn Sandstone are also in inter-
val C-D.

In northwestern Utah and northeastern Nevada,
interval C-D consists of an unnamed sequence of car-
bonate rock that is equivalent to the upper part of the
Franson Member of the Park City Formation in
northeastern Utah and to the upper part of the Plymp-
ton Formation, together with the Gerster Formation
of the Confusion Range in west-central Utah (Hose
and Repenning, 1959).

The parts of the four formations forming interval
C-D are synchronous units and intertongue across the
Middle Rocky Mountains. A tongue of the Phosphoria
Formation extends from southeastern Idaho into the
Shedhorn Sandstone of Montana and northwestern
Wyoming, and into the Park City Formation of west-
ern Wyoming and the northeastern corner of Utah.
This tongue of the Phosphoria splits the Shedhorn
into an upper and lower member; interval C-D in-
cludes the upper member and the upper part of the
lower member. Similarly the Park City is split into
the Ervay and the Franson Members, and interval
C-D includes the Ervay and upper beds of the Fran-
son (table 1). In parts of northern Utah the upper
tongue of the Phosphoria is absent, and interval C-D
includes that part of the Franson Member of the Park
City that lies above the Mackentire Tongue. In cen-
tral Wyoming on the Glendo Shale Member of the
Goose Egg Formation and, in northeastern Utah and
northwestern Colorado, the M ackentire Tongue of the
Woodside Formation tongue into the Park City to
form the lower part and, in some places, all of inter-
val C-D.

UPPER BOUNDARY OF INTERVAL C-D

The uppermost rocks of interval C-D are assigned
to different formations in different parts of the region.
In southeastern Idaho and nearby areas they consti-
tute the cherty shale member or Retort Phosphatic
Shale Member of the Phosphoria Formation. In
Montana and northwestern Wyoming they form the
apper member of the Shedhorn Sandstone or the Tosi
Chert Member of the Phosphoria. To the east, in
central and southwestern Wyoming and to the south
in Utah, they are the Ervay Member or the Franson
Member of the Park City Formation or unnamed
Permian red beds.
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Interval C-D is overlain by the Dinwoody Forma-
tion of Early Triassic age in all the Middle Rocky
Mountain region except northeastern Utah, where it
is overlain by the Woodside Formation of Early Tri-
assic age and a facies of the Dinwoody Formation,
and a part of southwestern Montana, where the inter-
val is overlain by Jurassic rocks.

The contact between interval C-D and the Lower
Triassic formation is concordant in much of the region.
Evidence of local erosion at the contact has been
cited. In northern Utah, near Spanish Fork, the
Woodside Formation bevels nearly 2,000 feet of tilted
Permian strata in a horizontal distance of about 10
miles (Baker, A. A., and Williams, 1940, p. 624). In
southwestern Montana in the Centennial and Gravelly
Ranges part of the Permian rocks may have been
eroded before deposition of the Triassic (Cressman,
1955, p. 20-21), and in the Madison Range in south-
western Montana the Dinwoody rests disconform-
ably on the Phosphoria (R. W. Swanson, written
commun. to E. R. Cressman, 1954). Local erosion
or leaching of Permian rocks before deposition of the
Dinwoody in western Wyoming was reported by
Newell and Kummel (1942, p. 938-939), although
beds at the top of the Permian in that area can be
traced for miles, which suggests that little or no
pre-Triassic erosion occurred. In northeastern Ne-
vada and western Utah a gap in the paleontologic
record between the Permian and the Triassic is indi-
cated by the presence of Meekoceras (Middle Early
Triassic in age) near the base of the Triassic rocks.

Regional stratigraphic studies provide additional
data on the relation between the Permian and Triassic
Systems. The stratigraphic relation between mem-
bers of the Dinwoody Formation and the underlying
Permian was interpreted by Newell and Kummel
(1942, p. 938) as eastward onlap (fig. 57 B, ). An
alternative interpretation is that the several units are
partial lateral equivalents resulting from regressive
overlap (S. S. Oriel, in McKee and others, 1959, p.
3-4; and fig. 57 A, D, this report). The occurrence
in Wyoming of different lithologic members of Per-
mian formations at the top of the system (Sheldon,
1957, fig. 20) may be explained by regional beveling
(fig. 57 B, D). An alternative explanation is that
these stratigraphic units, too, are partial lateral equiv-
alents resulting from regressive offlap (Sheldon, 1957,
p. 143-152; and fig. 57 A, C, this report). Four
combinations of these differing interpretations are
shown diagrammatically in figure 57.

Available data do not indicate which of the four
alternatives is correct. Accurate dating of each of
the units in both the Permian and Triassic rocks is
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needed, but suitable faunas have not been found;
probably some or all of these units cannot be dated
precisely by paleontologic methods. Thus, the main
evidence is physical, and it is suggestive rather than
discriminating.

Regressive offlap of the Permian rocks, with conse-
quent lateral facies changes at the top of the system,
seems more likely than erosional beveling. The
lateral relation between units is one of intertonguing,
shown both by gradational contacts, by interbedding
between units at any one locality, and by lateral grada-
tion between units across a wide area (Sheldon, 1957).
Also, in southeastern Idaho and adjacent areas, wide-
spread distinctive key beds in the topmost few feet
of the Phosphoria Formation are located in the same
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stratigraphic position relative to overlying Triassic
beds. Thus, according to this interpretation, an oce-
anic basin in southeastern Idaho received deposits of
phosphatic mud at the close of Permian time; an
oceanic shelf adjoined the basin on the east. Silica
was deposited on the outer edge of this shelf, and
carbonate sediment accumulated in the inner part
extending as far as the coastal or shoal area. Within
the coastal belt, red and green mud was deposited in
lagoons and on mud flats (Cheney and Sheldon, 1959,
fig. 6).

Environmental relations described above were simi-
lar to those earlier in the Permian, as discussed by
Sheldon, Maughan, and Cressman (I-450). There-
fore, if the stratigraphic relations at the top of the
Permian System were the result of regional beveling,
this similarity between the pre-Triassic paleogeologic
pattern and the facies patterns lower in the Permian
would be fortuitous. Furthermore, such beveling
would require more uplift and erosion in the geo-
synclinal area than in the cratonic area, a structural
event which would be opposite to that demonstrated
for structural history in other parts of Permian and
Early Triassic time, when the geosyncline subsided
more than the craton. For these reasons, interpre-
tations B and D of figure 57 seem unlikely.

Of the remaining two interpretations, A seems the
more likely. If at the end of Permian time the geo-
syncline was the site of an oceanic basin and the
craton formed an oceanic shelf, and if deposition from
Permian into Triassic time were continuous, the facies
within Permian and Triassic rocks should be related.
Relatively deep-water sediments of the Permian
(Cressman , 1955, p. 27-29; Sheldon, 1957, p. 146-152)
should be overlain by deep-water sediments of the
Triassic, and shallow-water sediments of both systems
should be associated. That this occurred seems
likely. Thus, the Retort Phosphatic Shale Member
of the Phosphoria Formation is overlain by the olive
buff shale unit of the Dinwoody in the geosyncline
(Kummel, 1954, p. 169), the dark silty chert of the
Tosi Chert Member of the Phosphoria is overlain by
the basal siltstone on the outer edge of the craton and,
to the east, the Ervay Carbonate Rock Member of the
Park City Formation is overlain by the calcareous
Olaraia or Lingula beds. Still farther eastward in
Wyoming and southward in Utah, red beds of Per-
mian age are overlain by red beds of Triassic age.

These relations cannot be shown over all the Middle
Rocky Mountains because of difficulties in correlation
and lack of information on Triassic rocks. How-
ever, the facies and thickness changes of Triassic
interval A rocks (McKee and others, 1959) and of
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the Permian interval C rocks are similar (compare
pl. 5 of I-450 with pl. 3 of McKee and others, 1959),
except that the Triassic rocks lack the abundant chert
and phosphorite characteristic of the Permian.
Furthermore, interpretation 4 explains the apparent
conformity between the two systems in the geosyncline
and the local disconformities on the craton.

The paleontologic evidence does not help in the so-
lution of the problem, as stated earlier. There are,
furthermore, conflicts in the age dating of the Upper
Permian rocks. The youngest Permian rocks in the
area contain the Spiriferina pulchra fauna (E. L.
Yochelson, oral commun., 1960) and are assigned a
Word age, which is classed as Early Permian. If
this age assignment is correct, Upper Permian rocks
are absent in the area, owing to either erosion or non-
deposition. On the other hand, the Spiriferina
pulchra fauna is assigned a Capitan (Late Permian)
age by other paleontologists (Dunbar and others, 1960,
p. 1; Gordon and Merriam, 1961). If this age assign-
ment is correct, Upper Permian rocks are present, and
continuous deposition from Permian into Triassic
remains a possibility.

Additional faunal evidence bearing on the Permian-
Triassic boundary is from the Triassic beds. Earli-
est Triassic fossils have not been found anywhere in
the region. The earliest yet reported are from the
lower part, but not the basal beds, of the Dinwoody
Formation in southwestern Montana, southeastern
Idaho, and western Wyoming. These are late Oto-
ceratan or not quite earliest Triassic (Kummel, 1954,
p- 183). If the inferred faunal gap represents a
period of nondeposition rather than incomplete faunal
migration, the physical conformity of the Permian and
Triassic beds suggests that the gap was not caused
or accompanied by emergence in most of the region.

In summary, available data do not permit a choice
between the two most likely interpretations of the
boundary between the Permian and Triassic Systems.
Despite these uncertainties, however, the boundary
here used as the top of interval C-D is recognized
with assurance throughout the region.

THICKNESS TRENDS

The rocks of interval C-D are thickest in south-
central Idaho, northwestern Utah, and northeastern
Nevada (fig. 58). They thin to the north, east, and
south, so that the east edge of the geosyncline is at
about the 200-foot isopach. On the adjoining shelf
the interval ranges from 0 to about 200 féet in
thickness.

Three areas of anomalous thickness are evident in
figure 58. The first is a lobate area of rock that is
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less than 100 feet thick extending southward from
Montana along the Idaho-Wyoming boundary. The
second, in part related to the first, is an area approxi-
mately coinciding with the present Green River basin
where the interval is thicker than average (in most
places greater than 100 ft thick, and near the Wind
River Range greater than 200 ft thick). In the third
area, interval C-D is 330600 feet thick in the alloch-
thonous block of the Charleston thrust in Utah but is
only 100200 feet thick in the autochthonous block.

The thickness anomaly of interval B in Beaverhead
County, Mont., discussed earlier and shown in figure
56, is barely evident on the isopach map of interval
C-D (fig. 58). A small salient of relatively thick
rocks that trends northward into thinner rocks is
shown by the 200- and 300-foot isopachs. The east-
west trough of interval B just north of the Uinta
Mountains is not present in interval C-D, but the 100-
foot isopach swings westward at the Uinta Mountains,
which accounts for a general similarity in the thick-
ness variations of the two intervals.

LITHOFACIES TRENDS

Rocks of interval C-D form the uppermost cycle of
deposition of Permian rocks in the region.

Intertonguing of interval C-D units creates the
facies changes shown on plate 5 of I-450. Thus, in
southeastern Idaho and parts of northwestern Wyo-
ming and southwestern Montana, black shale, chert,
and phosphorite of the upper units of the Phosphoria
Formation form most of the interval. To the north-
east, in northwestern Wyoming and nearby Montana,
the interval consists mainly of the Shedhorn Sand-
stone. To the east and south the black shale, chert,
and phosphorite facies grades into carbonate of upper
parts of the Park City Formation. East and south
of this the carbonate of the Park City grades into red
beds of the Goose Egg and Woodside (as used by
H. D. Thomas, 1939) Formations.

In general, the lithofacies pattern of interval C-D
corresponds to the thickness pattern, in a manner simi-
lar to that in interval B. Rocks of interval C-D
are thickest in the geosyncline and are dominantly
dark mudstone, chert, and phosporite. On the shelf
the rocks are thinner and are mostly sandstone, car-
bonate rock, light-colored mudstone, and red beds.
Furthermore, the lobate area of thin rock along the
Idaho-Wyoming border shows a greater proportion
of light-colored limestone than does the area to the
west, where the geosynclinal rocks contain more mud-
stone, or to the east in the present Green River basin,
where the rocks are thicker and contain more mud-
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SOURCES AND ENVIRONMENTS

Statements concerning the sedimentation of interval
B in this region also apply to interval C-D, and the

stone. South of the Uinta Mountains, carbonate
rocks grade into red beds at approximately the 100-
foot isopach.
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Ficure 58.—Thickness of interval C-D in the Middle Rocky Mountains and northeastern Great Basin. Isopach

intervals 100 and 500 feet. Isopachs dashed where control is poor, dotted where Permian rocks have not been
penetrated by drill. @, indicates where Permian rocks have been identified, but control is inadequate for isopach
construction; thicknesses in feet. Approximate trace of thrust fault shown by sawtooth line; sawteeth on upper
plate. Dark pattern, areas where rocks older than Permian are exposed; light pattern, areas where rocks younger

than interval C-D have not been penetrated.
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environments of deposition inferred for the environ-
mental maps (1450, pl. 11C) apply equally well to
interval C-D.

PALEOTECTONIC IMPLICATIONS

The major tectonic elements described for interval
B were active during the time of interval C-D. In
addition, during interval C-D time a linear tectonic
high formed on the east edge of the geosyncline.
This high trended roughly north-south parallel to
the present fold axes and strikes of thrust faults.
On the crest of this structure, water was shallower
and sedimentation less than before. The area was
not emergent during deposition of interval C-D, but
a shallow submarine ridge on the sea floor probably
separated the open ocean on the west from a moder-
ately deep basin on the east.

Whether these tectonic elements continued to influ-
ence sedimentation, without interruption, into Triassic
time is uncertain. Possibly there was a period of
nondeposition during much of Late Permian time,
followed by Triassic sedimentation. More likely, the
transition from Permian into Triassic time was marked
by (a) withdrawal of the sea and some erosion near
the positive areas, (b) continuous sedimentation and
continued regression of lithofacies on the shelf ad-
joining these areas, and (c¢) continuous detrital sedi-
mentation but a different type of chemical sedimenta-
tion in the geosyncline. The change in type of
chemical facies possibly resulted from a cessation of

major upwelling currents along the western margin
of the shelf.

TOTAL THICKNESS OF PERMIAN ROCKS
THICKNESS TRENDS

In the Cordilleran geosyncline the thickest sections
of the Permian System lie in north-central Idaho and
in northwestern Utah, where they exceed 9,000 feet
(fig. 59). The section on the Charleston thrust block
in Utah is 14,000 feet thick, but its original position
was west of its present one. The system thins north-
ward, eastward, and southward, so that at the edge
of the geosyncline it is only about 200 feet thick. The
orientation of the axis of the geosynclinal wedge of
rock is difficult to fix but probably trends about north-
northeast. On the shelf, adjoining the geosyncline on
the east, the system ranges from zero to several hun-
dred feet in thickness.

Thickness anomalies on the shelf, as shown for the
various intervals, tend to reinforce each other so that
they are clear on the total isopach map. The salient
of thick rocks in southwestern Montana is conspicuous.
The southward-trending lobate area of thin rocks
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along the Wyoming-Idaho border is clear, and the 300-
foot isopach fairly well outlines the area of thickening
that approximately corresponds to the present Green
River basin. The east-west trending trough near the
Uinta Mountains and the abnormally thick Permian
section in the allochthonous block of the Charleston
thrust fault in Utah are major features.

PALEOTECTONIC IMPLICATIONS

The pattern of variation in thickness of the Permian
rocks roughly conforms to that of the Paleozoic and
lower Mesozoic section as a whole (Kay, 1947) ; that
is, Permian rocks in the Cordilleran miogeosyncline
range from several hundred to several thousand feet
in thickness, whereas those on the bordering shelf to
the east are only a few tens to a few hundreds of feet
thick. The transition zone between the Permian geo-
synclinal and shelf sections corresponds rather closely
to the east edge of the Laramide thrust belt. In much
of the area, the transition zone is only 10-20 miles
wide, which is the result of original thinning and of
east-west telescoping due to folding and thrusting.

Permian rocks of western Montana were partly or
wholly removed by pre-Jurassic erosion in all but the
southwestern part, but available data indicate that less
than 200 feet of Permian rocks was deposited in most
of this area. The Phosphoria and Shedhorn Forma-
tions in southwestern Montana were derived from the
west, north, and east (Cressman, 1955, p. 23); this
information, in addition to the data on thickness and
distribution of Permian rocks, suggests that most of
western Montana was moderately positive during Per-
mian time.

The thickness of Permian rocks in southwestern and
west-central Wyoming indicates the presence of a basin
on that part of the shelf, separated from the main part
of the geosyncline by a linear positive area. The inter-
tonguing of relatively deep-water with shallow-water
facies in western Wyoming implies that this was an
unstable area (Sheldon, 1957, p. 154), as contrasted
with the surrounding part of the shelf, where fairly
uniform sediments indicate more or less continuous
shallow-water deposition.

GEOLOGIC UNITS DIRECTLY ABOVE PERMIAN SYSTEM
UNITS OVERLYING PERMIAN

The Permian rocks in most of the region are over-
lain by rocks of Triassic age. In parts of southwest-
ern Montana, eastern Idaho, and western Wyoming,
and in Rich County, Utah, the Dinwoody Formation
of Early Triassic age overlies the Permian. In the
Wasatch Range and western Uinta Mountains of Utah

(fig. 62), the Woodside Formation, also of Early Tri-
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assic age, overlies the Permian, and in northwestern | Montana, north of the area where the Dinwoody For-
Utah and northeastern Nevada undifferentiated Tri- | mation is truncated by pre-Jurassic erosion, Jurassic
assic rocks occupy this position. In middle-western | rocks unconformably overlie Permian rocks.
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Fieure 59.—Total thickness of Permian rocks in the Middle Rocky Mountains and northeastern Great Basin. Isopach
intervals 100, 500, and 1000 feet. Isopachs dashed where control is poor, dotted where Permian rocks have not
been penetrated by drill. @, indicates where Permian rocks have been identified, but control is inadequate for
isopach construction; thicknesses in feet. Approximate trace of thrust fault shown by sawtooth line; sawteeth on
upper plate. Dark pattern, areas where rocks older than Permian are exposed; light pattern, areas where rocks
younger than Permian have not been penetrated.
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PALEOTECTONIC IMPLICATIONS

The major paleotectonic event shown by rocks over-
lying the Permian System is pre-Middle Jurassic up-
lift and erosion in middle-western Montana. A low
positive area formed in central Montana in Permian
time and was the source of some sediment deposited
in the Permian seas. This low positive area persisted
into Triassic time (McKee and others, 1959, pl. 9).
Then the area was uplifted more, so that Triassic and
Permian rocks, as well as older rocks, were beveled
before Middle Jurassic sediments were laid down.

Locally throughout the shelf area in Montana, Wyo-
ming, and Utah, slight uplift occurred at the end of
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Permian time, but nowhere was it prolonged or exten-
sive enough to permit erosion of more than uppermost
Permian rocks. In the vicinity of the geosyncline in
Idaho and adjacent areas, no evidence of erosion after
Permian time is apparent.

Thus, at the close of Permian time the shelf area of
the Middle Rocky Mountains became slightly positive,
and the geosynclinal area remained slightly negative
and may have received sediments continuously into
Triassic time. The transition from Permian to Tri-
assic was not marked by a tectonic event having the
significance of the pre-Permian regression or the Early
Jurassic uplift and erosion.
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WESTERN COLORADO, SOUTHERN UTAH, AND NORTHWESTERN NEW MEXICO

By WaLter E. HarrcarTH

ABSTRACT

The Permian System of western Colorado, southern Utah,
and northwestern New Mexico reflects uplift of ancestral
highlands at the beginning of the period, followed by tectonic
stability and a gradual wasting of the highlands. Permian
structural elements of the region are the elongate Uncom-
pahgre-San Luis highland, the ancestral Front Range, the
elongate Colorado and Uncompahgre troughs, the Permian San
Juan basin, the southern Utah basins, and the Oquirrh basin.

During deposition of interval A (lowest part of Permian),
nonmarine coarse clastic materials, derived from the Front
Range and Uncompahgre highlands, were accumulated in
basins and troughs of central and western Colorado and
eastern Utah. These continental sediments graded westward
into marine clastic and carbonate materials in western Utah.
During the early part of this interval, a restricted arm of
the sea extended eastward into southeastern Utah. Adjoin-
ing highlands stood high or were rising throughout the
interval.

During deposition of interval B (middle part of Permian),
accumulation of marine beds was largely restricted to north-
westernmost Colorado and western Utah. Areas of sand-
stone of eolian aspect, marginal to the areas of marine
deposition, are interpreted as coastal dunes; and relatively
fine grained red beds, adjacent to the highlands, are inter-
preted as continental fluvial and lacustrine deposits.. Interval
B marks a time of stability in the basins and highlands.

Interval C-D (uppermost part of Permian) is dominantly
limestone and dolomite in central and southern Utah but is domi-
nantly mudstone elsewhere in the region. Thin fossiliferous
beds indicate that marine conditions may have been relatively
widespread for short periods. Interval C-D marks a period
of stability; areas of formed uplift had apparently been
reduced to lowlands, and material supplied to the surrounding
depositional areas was dominantly fine grained.

REGION DEFINED

The region discussed here includes that part of Colo-
rado west of the east flank of the present Front Range,
Utah south of the 40th parallel, and San Juan and
Ria Arriba Counties in northwestern New Mexico.

Permian structural elements include: (1) The ances-
tral Front Range highland, trending northwest from
central Colorado; (2) the Colorado trough; (3) the
Uncompahgre and San Luis highlands extending from
eastern Utah through southwestern Colorado; (4) the

deep narrow Uncompahgre trough paralleling the
Uncompahgre highland on the southwest; (5) the Per-
mian San Juan and the southern Utah basins, centered
in northwestern New Mexico and southeastern Utah,
respectively; and (6) a shelf or platform extending
westward from eastern Utah to the Cordilleran geo-

syncline.
PALEOGEOLOGY

UNITS UNDERLYING THE PERMIAN

Rocks beneath the Permian in western Colorado,
southern Utah, and northwestern New Mexico (fig.
60; I-450, pl. 2) are sedimentary and are of Pennsyl-
vanian age, except in two small areas in Utah where
they are probably of Mississippian age. In central
Colorado on the edges of the ancestral Front Range
(fig. 61), Permian rocks overlap Precambrian igneous
rocks for a short distance.

ROCKS WEST AND SOUTHWEST OF UNCOMPAHGRE
PLATEAU

The Hermosa Formation, which ranges from Des
Moines through Virgil in age, underlies Permian rocks
across a large area near and southwest of the Uncom-
pahgre Plateau (fig. 62). In the eastern and north-
eastern parts of the western Colorado-Utah region,
limestone in the upper part of the Hermosa is inter-
bedded with arkosic conglomerate to form a transi-
tional sequence with the overlying Cutler Formation
of Permian age. In the San Juan Mountains (fig.
62) this sequence is named the Rico Formation (Cross,
C. W., and Spencer, 1900).

Permian rocks rest on the Madera Limestone of
Pennsylvanian age in southeastern San Juan County
and southwestern Rio Arriba County, N. Mex. (Hen-
best and Read, 1944; Wood and Northrop, 1946). In
west-central and southwestern Utah, Permian beds rest
on rocks of Pennsylvanian age, including the lower
parts of the Ely Limestone (Hose and Repenning,
1959; Steele, 1959), limestone strata with Pennsylvan-
ian fossils in Beaver County, Utah (Steele, 1959), and
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Fircure 60.—Geologic units directly beneath Permian System in western Colorado, southern Utah, and surrounding areas. Penn-
sylvanian rocks: Pr, undivided; Po, Oquirrh Formation (part); Psc, Sangre de Cristo Formation (part); Pw, Weber Sandstone
(part); Pvc, Callville Limestone, Pvhe, Hermosa Formation (part), Pvmd, Madera Limestone, and Pv, undivided,all of Virgil
age; Pvm, undivided, of Virgil and Missouri age; Pmf, Fountain Formation (part) and Pmhe, Hermosa Formation (part),
both of Missouri age; Pdf, Fountain Formation (part), Pdhe, Hermosa Formation (part), and Pd, undivided, all of Des

Moines age; Pa, undivided, of Atoka age.

Mr, Mississippian rocks, undivided.

p€, Precambrian rocks, undivided. Dark

pattern, areas where rocks older than Permian are exposed; light pattern, areas where rocks older than Permian have not
been penetrated. Approximate trace of thrust fault shown by sawtooth line; sawteeth on upper plate.

the Callville Limestone as restricted by McNair (1951,
p. 520).

In the central part of southern Utah, rocks of Mis-
sissippian age underlie the Permian in an area pro-
jecting north from Arizona. Likewise in the San
Rafael Swell area of Utah (fig. 62), rocks below the
Permian at locality 646 have been assigned to the
Mississippian System (Herman and Sharps, 1956).

ROCKS NORTHEAST OF UNCOMPAHGRE PLATEAU

Northeast and east of the Uncompahgre Plateau
the youngest rocks directly beneath the Permian are
included in the Weber Sandstone, the lower part of
the Maroon Formation, the Paradox Formation, and

the Sangre de Cristo Formation.

The Maroon Formation as redefined (Bass, 1958)
incorporates all stratigraphic units between the top
of the Paradox Formation of Pennsylvanian age and
the base of the Chinle Formation of Late Triassic
age. Where exposed in the White River Plateau
(fig. 62), Eagle to Rio Blanco Counties (fig. 63), it
consists of five lithologic units. Only the lowest unit,
an arkose referred to in this publication as the lower
arkosic part of the Maroon, is here considered to be
in the Pennsylvanian System, but it is thicker than
the rest of the formation and consists of three lateral
subdivisions: the arkose facies along the ancestral
Uncompahgre highland; the intermontane trough
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facies of arkose, mudstone, and limestone; and the
arkose facies along the west flank of the ancestral
Front Range. The upper part of the arkose facies
along the Uncompahgre grades northeastward into
fine-grained rocks of the intermontane facies in the
White River Plateau area. Where the arkose facies
is exposed around the western part of the Uncom-
pahgre it underlies rock of interval B (Schoolhouse
Sandstone). Farther east the equivalent intermon-
tane facies underlies rocks assigned to interval B
(Schoolhouse(?) Sandstone), and still farther east it
underlies rock of interval C (lower part of State
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Bridge Formation) (fig. 64). The arkose facies
along the ancestral Front Range underlies rock of
interval C in a small area along the Colorado River.

The Paradox Formation (Bass, 1958) underlies
the Maroon where the latter is preserved, but north
of the White River Plateau the Maroon has appar-
ently been removed by erosion so that at localities
567 and 570 (pl. 6D) beds of the Paradox underlie
the Permian.

The Sangre de Cristo includes strata of Pennsyl-
vanian and of Permian ages (Wood and others, 1957,
p- 14), but a systemic boundary has not been estab-
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FicUurE 62.—Present structural elements in western Colorado
and southern Utah referred to in text.

lished because fossil data are inadequate.
AGES

The youngest definitely dated rocks of Pennsyl-
vanian age (Virgil) beneath the Permian (fig. 65)
are in the Madera Limestone of New Mexico (Hen-
best and Read, 1944) and in the Hermosa Formation
of the Paradox basin (Chronic, 1960, p. 84-85), a
Pennsylvanian basin which covered a large area in
southeastern Utah and extended into southwestern
Colorado and northwestern New Mexico. Rocks of
Virgil age are also reported at one locality (714) in
west-central Utah (Steele, 1959, fig. 3).

Fossils of Virgil age have not been reported from
northwesternmost Colorado, northeast of the Uncom-
pahgre highland. In south-central Colorado, sedi-
mentation may have been continuous from Pennsyl-
vanian into Permian time, although a break at the
end of the Pennsylvanian has been suggested (Brill,
1952, p. 819).
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Rocks of Missouri age have been reported only in
the Hermosa Formation (Chronic, 1960, p. 85).
They probably directly underlie the Permian System
in a band around the area of Virgil rocks in the

PERMIAN SYSTEM IN THE UNITED STATES

Paradox basin (fig. 60).

Rocks regarded as Pennsylvanian crop out near the
New Mexico boundary in seuthwestern Colorade and
in the northwestern part of the Paradox basin.
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' F1cure 63.—Four Corners area and counties-in western Colorado and southern Utah referred to in text.
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Other letters in circles repre-
sent Permian interval assign-
ments of rock units

Rocks of Des Moines age

West East
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F1cUurE 64.—Relations of lower part of State Bridge Formation
to Schoolhouse(?) Sandsione and lower part of Maroon For-
mation for about 45 miles along the east side (loecs. 661-677)
of the White River Plateau, Colo. Not to scale.

FicURE 65.—Relation of Permian rocks to underlying Pennsyl-
vanian rocks between the Uncompahgre Plateau (east) and
western Juab County, Utah (west). Vertical scale and dips

greatly exaggerated.
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These isolated occurrences may be either of Missouri
or of Virgil age.

Strata probably of Des Moines age form the sur-
face of the system in the San Rafael Swell area
(Hallgarth, 1962, p. 1495-1496) and may form the
surface in a large concentric area around the Para-
dox basin. These strata include rocks of the Her-
mosa Formation, the Rico Formation, and the
Madera Limestone. The Callville Limestone under-
lies the Permian System in southwesternmost Utah
and- has been variously assigned a Des Moines or a
Virgil age by Steele (1959, p. 42) and by McNair
(1951, p. 522).

In the intermontane area of northwestern Colorado
the uppermost strata assigned to the Pennsylvanian
(Weber Sandstone and lower part of the Maroon
Formation) consist of unfossiliferous detrital rock,
the exact age of which is unknown. They are shown
in figure 60 as Pennsylvanian undivided, except for
a strip along the northeast side of the Uncompahgre
where the truncated Maroon Formation is compara-
tively thin and intertongues northward with rock of
Des Moines age (Morgan Formation).

Rocks of Atoka age have not been reported in con-
tact with the Permian except for two small areas in
west-central Utah. However, rocks of Atoka age
may possibly underlie the Permian adjacent to those
areas where rock of Mississippian age lies directly
below the Permian. These postulated areas of Atoka
are not shown in figure 60. In a large area in
southwestern and south-central Utah the age of rocks
directly beneath the Permian is uncertain and is
shown as undifferentiated Pennsylvanian.

The oldest Paleozoic rock that directly underlies
the Permian System in Utah is Mississippian, re-
ported from the San Rafael Swell and probably
along the south boundary of the State. Locally
underlying the Permian on both sides of the ances-
tral Front Range landmass in north-central Colorado
is Precambrian rock, which formed the core of the
highland.

LOWER BOUNDARY OF THE PERMIAN

In parts of southern Utah and western Colorado
the base of the Permian is an unconformity. Excep-
tions, where sedimentation was probably continuous,
are in troughs along the west side of the ancestral
Front Range, along the Uncompahgre highland, and
in the deepest part of the Paradox basin.

A hiatus at the bottom of the Permian has been
recognized on the basis of fossils in much of the
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region southwest of the Uncompahgre. An appar-
ent unconformity has been described in parts of east-
central Utah at the top of the Hermosa Formation
(Herman and Sharps, 1956, p. 81), and an uncon-
formity is reported from other parts of the Paradox
basin (D. L. Baars, written commun., 1960).

In south-central Utah, evidence of unconformity at
the base of Permian was cited by Heylmun (1958, p.
1790). In west-central Utah a hiatus of great mag-
nitude, based on faunal evidence, may be present, as
rock considered of Atoka age (Ely Limestone and
equivalent beds) underlies Permian rock (Steele,
1959, p. 52 and fig. 3). In southwesternmost Utah
the Callville Limestone was considered to be of Des
Moines age by Steele (1959) and of Virgil age by
MecNair (1951, p. 522), although their Callville under-
lies the Permian with no recognizable physical break.

In the San Rafael Swell area of Utah an irregular
contact and a thin conglomerate at the base of the
Permian suggest a disconformity (Hallgarth, 1962).
Locally in northwestern Colorado similar evidence is
known.

In northwestern Colorado, east of the White River
Plateau, physical evidence of an unconformity is
present between definite Permian beds and the lower
arkosic part of the Maroon Formation (Murray, H.
F., 1958, fig. 8; p. 56-57). South and west of the
White River Plateau uppermost strata of the lower
arkosic part of the Maroon Formation are believed
to be absent; therefore, in this area the entire arkosic
unit is considered to be of Pennsylvanian age.
Northwest of the plateau, near the Colorado-Utah
line, the Permian-Pennsylvanian boundary may lie
within the Weber Sandstone or in upper strata of the
lower arkosic unit. Directly north of the plateau
the systemic boundary is placed within strata assigned
to the Maroon Formation undivided, possibly equiva-
lent in part to the Schoolhouse Sandstone.

In south-central Colorado the base of the Permian
System lies within the Sangre de Cristo Formation,
and its position is uncertain.

PALEOTECTONIC IMPLICATIONS

Two prominent positive elements dominated the
Utah-western Colorado region in the latter part of
Pennsylvanian time. In southwestern Colorado and
southeastern Utah, coarse conglomerate beds that in-
tertongue with rock of Des Moines and younger Penn-
sylvanian age indicate that the Uncompahgre positive
element (fig. 61) was elevated. Farther east the
ancestral Front Range also rose during Pennsylvan-
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ian time and continued to be high at the end of this
period, as shown by arkosic conglomerate in eastern
Colorado (Maher and Collins, 1952); however, un-
fossiliferous arkosic rocks of the intermontane area
add nothing to support this belief.

Troughs that formed in Pennsylvanian time flanked
the southwest side of each of the major positive ele-
ments. Thick sections of detrital rock, accumulated
in each trough during post-Atoka time, attest to sub-
sidence in the troughs concurrent with elevation of
the landmasses.

East of the White River Plateau, in the inter-
montane area of western Colorado, the Permian State
Bridge Formation rests disconformably (Murray,
1958, p. 56-57) on the underlying mainly Pennsyl-
vanian Maroon Formation, indicating elevation of an
area that was formerly a trough; however, the age
span of the disconformity is not definitely known.
The exact age of erosional interludes at several other
places in northwestern Colorado is also unknown, for
relatively young Permian rock rests on the lower
arkosic part of the Maroon Formation of Pennsyl-
vanian and locally of Permian age. This part of the
Maroon Formation thins within short distances south-
ward along the Utah-Colorado boundary toward the
Uncompahgre (fig. 66). Near the Uncompahgre, it
tongues with limestone of the Morgan Formation of
Des Moines age, a formation that underlies younger
parts of the Maroon farther north. Erosion of post-
Des Moines Pennsylvanian rocks in the vicinity of the
Uncompahgre may have occurred during any of sev-
eral intervals during later Pennsylvanian and Early
Permian time.

The Colorado trough formed in Early Pennsylvan-
ian time, probably by faulting along the west side of
the ancestral Front Range. It extended from Mof-
fat County, Colo. (fig. 63), southeastward into New
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Mexico, according to Brill (1952, p. 810). The
trough was probably about 60 miles wide (Murray,
1958, p. 47), and its axis was apparently closer to
the ancestral Front Range than to the Uncompahgre
highland because the fine-grained clastic rocks that
accumulated in the trough lie mostly east and north-
east of the White River Plateau.

A similar northwest-trending trough, referred to
as the Uncompahgre trough, formed in Late Pennsyl-
vanian and Early Permian time along the southwest
side of the Uncompahgre highland. It extends from
the area of the present San Juan Mountains north-
westward into east-central Utah, where it apparently
terminates against an area of less subsidence sepa-
rating the trough from the Oquirrh basin.

In latest Pennsylvanian and earliest Permian time
the Paradox basin was segmented into three smaller
basins by two folds that are reflected in lowest Per-
mian (interval A) sediments (fig. 67). One of the
segmenting features, trending northwest, formed as
a hinge line to folding during initial subsidence in
the Uncompahgre trough and later limited the south-
west side of the subsiding trough (fig. 61) and sepa-
rated it from the remainder of the former Paradox
basin to the southwest. The hinge-line fold ex-
tended from near the San Juan Mountains north-
westward into central Utah, where it apparently
terminated against the Emery high discussed by
Herman and Sharps (1956).

A second crossfold within the Paradox basin
trended northeast and formed as a hinge line fold
between the newly forming Permian San Juan basin
of southwestern Colorado and northwestern New
Mexico and the part of the basin to the west. It
extends southwestward in the direction of the Four
Corners area, where it is progressively less well
defined.
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Ficure 66.—Present structural and stratigraphic relations of Maroon and Cutler Formations to the Uncompahgre highland,
Colorado.
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Broad regional upwarping took place on the west
side of the Paradox basin. Rocks of Virgil, Mis-
souri, and Des Moines age were eroded across the
Emery high in the San Rafael Swell area (Herman
and Sharps, 1956; fig. 62, this report) in central Utah,
on the west flank of the basin, and Permian strata
were deposited on rocks of Mississippian age (Her-
man and Sharps, 1956).

INTERVAL A
FORMATIONS INCLUDED

Rock units included in interval A are widely dis-
tributed in western Colorado, Utah, and northwest-
ernmost New Mexico (table 1) southwest of the Un-
compahgre Plateau; but east of the plateau as far as
the Front Range of Colorado, their extent has not
been established.

Interval A includes the following: (a) In south-
western Colorado, northwestern New Mexico, and
southeastern Utah, the lower part of the Cutler
Formation; (b) in southwestern Utah, the Pakoon
Limestone (McNair, 1951) and the lower part of the
Supai Formation or Queantoweap Sandstone (Mc-
Nair, 1951); (c) northward, in Beaver County, a
sequence of limestone and overlying quartzite; (d) in
west-central Utah, the upper part of the Ely Lime-
stone and the lower part of the overlying Arcturus
Formation; (e) in east-central Utah, rocks referred
to as the Permian carbonate member of the Cutler
Formation (Herman and Sharps, 1956)—more re-
cently, as the Elephant Canyon Formation (Baars,
1962)—the overlying sandstone beds (Cedar Mesa
Sandstone Member of the Cutler), and, in the sub-
surface of part of central Utah, beds equivalent to
the Elephant Canyon and Permian carbonate mem-
ber, here referred to as unnamed beds of Wolfcamp
age; (f) in south-central Colorado, part of the Sangre
~ de Cristo Formation. In northwestern Colorado the
Maroon Formation and the Weber Sandstone are
considered by some geologists (Brill, 1952; Bissel and
Childs, 1958) to be partly of Permian age, but a
systemic boundary has not been established, so the
thickness of included units of earliest Permian age is
not shown in figure 67.

SOUTHWEST OF UNCOMPAHGRE PLATEAU

Rock units of interval A in southern Utah con-
stitute an integrated assemblage ranging from conti-
nental arkosic conglomerate near the Uncompahgre
Plateau in the east (fig. 62) to marine sandstone and
limestone in the west. The stratigraphic relations
between these units are graphically shown in a series
of columnar sections (pl. 6 4, B) modified after those
prepared by the following authors: A. A. Baker and
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Reeside (1929), McKee (1954a), Herman and Sharps
(1956), Heylmun (1958), and Kunkel (1958).

In this area, interval A (Cutler Formation with
De Chelly Sandstone Member excluded) is domi-
nantly red conglomerate, sandstone, and. sandy mud-
stone, all probably of continental origin. Where
subdivided in the Four Corners area, it includes the
Halgaito Tongue, the Cedar Mesa Sandstone Mem-
ber, and the Organ Rock Member (Baker, A. A., and
Reeside, 1929).

The Halgaito Tongue is a sequence of red sand-
stone and sandy mudstone. To the north, it has
been correlated (Baars, 1962) with the Elephant
Canyon Formation, a carbonate rock unit with a
Permian Wolfcamp fauna. Westward from the type
locality the Halgaito sequence is difficult to recognize.
Although the lack of fossils and of adequate strati-
graphic data preclude direct correlation westward
across southern Utah, the member is probably equiva-
lent, at least in part, to the lower part of interval A
(pl. 6 4, B).

Carbonate rock at the bottom of the Permian se-
quence in southwestern Utah has been referred (K.
G. Brill, written commun., 1958) to the Pakoon For-
mation (McNair, 1951). Another unit in western
Utah containing a Wolfcamp fauna, and therefore
correlated with the Pakoon, is the upper 100-300
feet of the Ely Limestone, which was renamed the
Riepe Spring Limestone (Steele, 1960, p. 100) in
west-central Utah.

The Cedar Mesa Sandstone Member of the Cutler
Formation overlies the Halgaito Tongue in south-
eastern Utah and is a mappable unit containing much
large-scale crossbedding. It forms a dominant part
of interval A and is well formed along a southwest
trending elongate area in south-central Utah (I-450,
pl. 10B). The sandstone grades eastward into, or
intertongues with, red beds of the undivided Cutler
that are increasingly arkosic toward the east. A few
dolomite beds near the eastern limit of the Cedar
Mesa Member contain Wolfcamp fusulinids. South-
ward, toward the Arizona boundary, the Cedar Mesa
passes into a red-bed facies (Baker, A. A., and Ree-
side, 1929, p. 1421) and is believed (Heylmun, 1958,
p. 1793) to be equivalent in part to the Esplanade
Sandstone Member of the Supai Formation in north-
central Arizona and probably the Queantoweap Sand-
stone in northwestern Arizona.

Buff Permian sandstone about 2,000 feet thick
occurs in the Beaver Dam Mountains of southwestern
Utah (fig. 62) and was referred to the Queantoweap
Sandstone by K. G. Brill (written commun., 1958)
and to the Supai Formation by Reeside and Bassler
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(1922). Toward the south in Arizona this sand-
stone unit is peobably equivalent to both the Supai
Formation and the Hermit Shale. The lower part
of this sandstone grades southward into red strata
that form the upper detrital part of the Supai For-
mation (Reeside and Bassler, 1922, p. 57), and the
upper 800 feet is regarded (McKee, oral commun.,
1959) as equivalent to the Hermit Shale, which over-
lies the Supai Formation in northwestern Arizona.
As the Hermit is included in interval B of this paper,
the upper 800 feet of sandstone in southwestern Utah
is placed in this interval. If these correlations are
valid, the upper part of the sandstone in southwestern
Utah may be younger than the Cedar Mesa farther
east in Utah.

Northwestward from south-central Utah the Cedar
Mesa Sandstone Member thins greatly and is appar-
ently equivalent to a quartzitic sandstone unit in

Beaver County. Northwest of Beaver County the
sandstone contains numerous interbeds of dolomite,
and in west-central Utah this sequence constitutes the
lower part of the Arcturus Formation (Hose and
Repenning, 1959).

The Cedar Mesa thins regularly northward from
its area of greatest thickness in southeastern Utah
(pl. 6 B). The underlying Elephant Canyon For-
mation, however, maintains a fairly uniform thick-
ness, so intertonguing between these units seems
unlikely.

The Cedar Mesa in much of southeastern Utah is
overlain by a red sandy mudstone and red sandstone
that is referred to as the Organ Rock Member.
This member has been removed by recent erosion
from parts of the Monument upwarp area (fig. 62).
Westward, across southeastern Utah, the unit thins
and the basal part seems to grade, between localities
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34 and 622 (pl. 6 4), into the upper part of a sand-
stone considered to be the Cedar Mesa. North of
locality 650 (pl. 6 B), the Organ Rock also seems to
grade into Cedar Mesa; however, along the line of
section on plate 6 B the thickness of the Organ Rock
Member is uniform, and the Cedar Mesa thins con-
siderably toward the north. These conditions sug-
gest a conformable boundary between the Organ
Rock and the Cedar Mesa.

Westward from the interriver area, along the Wayne
and Garfield County lines, westward-thinning red
beds of the Organ Rock underlie the White Rim.
Beyond the edge of these red beds, the White Rim
rests on the Cedar Mesa, which also thins westward.
Whether this contact is disconformable or not is un-
certain, but in Straight Wash Canyon in southern
Emery County, Utah, a stratigraphic break occurs in
the massive “Coconino Sandstone” of Gilluly and
Reeside (1928), about 150 feet above the base (Hall-
garth, 1962). Here, the projected thickness of the
Cedar Mesa Sandstone Member is about equivalent
to this lower 150 feet of the Coconino.

EAST AND NORTHEAST OF UNCOMPAHGRE PLATEAU

The Sangre de Cristo Formation extends from New
Mexico northward into south-central Colorado to the
Fremont and Park County line (Brill, 1952, p. 822).
North of that line, red beds of comparable strati-
graphic position are assigned to the Maroon Forma-
tion. Only in the southern part of the Sangre de
Cristo Mountains, where the beds of this formation
dip sharply beneath younger strata of the high plains,
is a fairly complete section preserved.

The Sangre de Cristo Formation includes beds of
Pennsylvanian and Permian age, but fossils are rare
and the systemic boundary is hard to place. Cotylo-
saurs and pelycosaurs, the fossil bones of which are
found about 1,600 feet above the base in the Arkansas
River area, also occur in Wolfcamp strata of Kansas,
Oklahoma, Texas, and New Mexico. A Permian
(Wolfcamp) age is therefore suggested for part of
the Sangre de Cristo (Brill, 1952, p. 822). These
fossils are apparently the most reliable indicators of
age in the formation or in the arkose facies of the
Maroon Formation along the ancestral Front Range.
In the lower part of the Maroon in Park County,
pelecypods, ostracodes, and plants that may be of
either Pennsylvanian or Permian age have been re-
ported (Brill, 1952, p. 822). The ostracodes are
believed to indicate a post-Des Moines age.

In the intermontane facies of the Maroon Forma-
tion no fossils of Pennsylvanian age have been re-
ported, but at one locality in eastern Rio Blanco
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County, Colo., near the northwest margin of this
formation, fossils were collected about 300 feet below
the top of the red-bed sequence and are considered by
oil-company geologists (confidential report) to be
post-Pennsylvanian. They may have been collected
from strata equivalent to the Schoolhouse Sandstone,
as that unit grades southeastward into the Maroon
Formation at about the top of the lower arkose mem-
ber. Boulderlike colonies of corals of Pennsylvan-
ian age are reported in a conglomerate in the arkose
facies of the Maroon along the Uncompahgre; despite
their appearance, evidence indicates that they grew in
place (Brill, 1944, p. 630).

No fossils have been reported from the Weber Sand-
stone in northwestern Colorado. In Utah the Penn-
sylvanian and Permian age of this formation is de-
termined by Pennsylvanian species of Z7'riticites in
the lower part, and the Permian genus Schwagerina
within 100 feet of the top (Bissell and Childs, 1958).
These strata may extend westward into the lower part
of the Park City Formation (Kinney, 1955, p. 54).

The Weber Sandstone was originally correlated
with the upper part of the Maroon Formation to the
southeast (Brill, 1952, pl. 1). The Weber and Ma-
roon have variously been correlated as follows: (1)
They have been considered to be correlative, no older
than Des Moines and no younger than middle Permian
(Murray, H. F., 1958, p. 55) ; (2) the greater part of
the Maroon has been considered as Pennsylvanian in
age (Bissell and Childs, 1958) ; (3) the Maroon has
been assigned a Pennsylvanian and Permian age
(Bass, 1958) ; (4) the Weber has been referred to the
Pennsylvanian on the basis of regional stratigraphic
relations (Thomas, C. R., and others, 1945; Hall-
garth, 1959) along the Colorado-Utah line. The
relation between the Weber Sandstone and the Ma-
roon Formation in the subsurface has been determined
to a large extent by study of drill cores which show
intertonguing southward.

Field relations between the Weber and the over-
lying Park City Formation in the eastern part of the
Uinta Mountains suggest a disconformity between
these units, as the upper surface of the Weber is un-
dulatory and has 2-3 feet of relief. Limestone beds
in about the middle of the Park City Formation over-
lie and fill in the depressions, thus reflecting an irregu-
lar contact.

In the Colorado trough of south-central and north-
western Colorado the boundary between the Pennsyl-
vanian and Permian has not been defined because of
inadequate fossil data. Furthermore, lithologic con-
tacts, recognizable as interval boundaries, are lacking.
The thickness of interval A in the Sangre de Cristo
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Formation, Maroon Formation, and Weber Sandstone
is, therefore, not shown on the map (fig. 67).

UPPER BOUNDARY OF INTERVAL A

The upper boundary of interval A in southern
Utah is a surface between rocks of contrasting facies,
except in the southwesternmost part of the State. In
that area (southwestern Washington County) the
boundary is placed 800 feet below the top of rock
assigned to the Supai Formation or the Queantoweap
Sandstone, and the upper part is assigned to interval
B. Elsewhere in western Utah the boundary marks
a change from dominantly detrital rock (Supai and
Arcturus Formations) below to dominantly carbonate
rock (Toroweap and Kaibab Formations) above.

In south-central Utah both carbonate and evaporite
rocks of interval B grade eastward into crossbedded
sandstone of the White Rim and De Chelly Sandstone
Members of the Cutler Formation (upper part). In
southeastern Utah and northwestern New Mexico
the boundary between intervals A and B is marked
by a change from red beds of the Cutler to light sand-
stone of the White Rim and De Chelly. In east-
central Utah, however, red beds of the Organ Rock
Member are absent, and the White Rim Sandstone
Member rests on white sandstone of the Cedar Mesa
Member; together they form the “Coconino Sand-
stone” of Gilluly and Reeside (1928). In central
Utah, the entire “Coconine” has been arbitrarily in-
cluded on the maps of interval B because the equiva-
lent of the Cedar Mesa Sandstone Member is relatively
thin and difficult to recognize in well samples. Here,
the boundary of interval A is at the top of the Ele-
phant Canyon Formation.

In parts of eastern Utah, interval B is missing, and
Triassic rock rests on interval A. In a few places in
southwestern Colorado, near the zero isopach of interval
A, the Entrada Sandstone of Late Jurassic age over-
laps the Triassic and rests on Cutler of interval A.

In northwestern Colorade the top of interval A is
arbitrarily placed at the top of the Weber Sandstone
beneath beds assigned to the Park City or Phosphoria
Formation. Farther east the base of the Schoolhouse
Sandstone is used as the boundary. East and south-
east of the margin of this unit the top of the lower
part of the Maroon Formation is regarded as the top
of interval A.

In the Sangre de Cristo Formation of south-central
Colorado neither upper nor lower boundary of inter-
val A has been defined. Several thousand feet of
this formation are Permian in age and are arbitrarily
assigned to interval A, but some strata may be of
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Leonard or Guadalupe age. The top of the forma-
tion in this area is used as the top of interval A.

THICKNESS TRENDS

The thickness of interval A is shown by isopachs
(fig. 67) everywhere in the region except northeast of
the Uncompahgre landmass and in western Utah.
In western Utah the thickness of individual outcrops
is given, but data are too few to permit construction
of a reliable isopach map.

A narrow belt of relatively thin rock trends nerth-
west along the southwest side of the Uncompahgr:e
trough (figs. 61, 67). This trend is clearly shown in
east-central Utah but is obscured southeastward in
Colorado because of inadequate control and structural
complexities. From this belt of relatively thin rock,
the interval thickens northeastward to a maximum of
about 8,000 feet in the Uncompahgre trough, and
westward to almost 2,000 feet in the middle part of
southern Utah.

A prominent belt of thin rock extends from the
southeast end of the Uncompahgre trough southwest-
ward toward New Mexico. On the east it is bordered
by a maximum thickness area, representing the Pe'r-
mian San Juan basin, and on the west by an area in
which irregularities in thickness are common.

Another area of thin rock is located along the San
Juan River in southeastern Utah. Thinness here is
the result of post-Permian uplift and erosion.

LITHOFACIES TRENDS

An elongate belt of sandstone (Cedar Mesa and
Supai) extends from east-central Utah southwestward
toward Nevada (I-450, pl. 8). Northwest of this
area of dominant sandstone, control is limited to cen-
tral and east-central Utah, but data from scattered
localities farther northwest indicate a facies of sand-
stone and interbedded carbonate rock. South and
east of the sandstone belt, lithofacies patterns indi-
cate increased proportions of mudstone in red beds of
the Supai and Cutler Formations. In the Four
Corners area (fig. 63), mudstone is the dominant com-
ponent of interval A.

Lithofacies patterns along the southwest front of
the Uncompahgre highland reflect the large amount
of coarse detrital material in the Cutler Formation.
The proportion of mudstone increases from there
southward in Colorade, southeastern Utah, and north-
western New Mexico. A belt of rocks composed
mainly of mudstone forms a prominent salient trend-
ing nertheastward toward the area between the Un-
compahgre and San Luis highlands (fig. 61) and

may indicate a low area between these highlands.
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Where the upper part of interval A (Organ Rock
Member of Cutler) has been eroded over the Monu-
ment upwarp, southeastern Utah, lithofacies patterns
show an-increase in the relative amount of sandstone.
In east-central Utah, detrital lithofacies patterns near
the northwest end of the Uncompahgre trough repre-
sent material from the Uncompahgre highland.

SOURCES AND ENVIRONMENTS

A marine environment prevailed throughout most
of western Utah during the time of interval A, as
indicated by the dominance of fossiliferous carbonate
rock. This rock, interbedded with sandstone, forms
a sequence that thins toward the southeast. In cen-
tral and south-central Utah, rock above the lower
carbonate unit (Elephant Canyon Formation) is en-
tirely detrital.

The area of marine environment was bordered on
the south and southeast by coastal and eolian environ-
ments in which a belt of sandstone formed; this belt
trends southwest across southern Utah. Crossbed-
ded sandstone along its southeast margin is believed
to be largely-of eolian origin (Baker, A. A., 1946, p.
40), but the type of crossbeds suggests that the north-
western margin was deposited under coastal waters
(K. G. Brill, written commun., 1958; Steele, 1959, p.
117). The sand may have accumulated in bars
along a shoreline and then been carried southeast-
ward by prevailing winds, ultimately to be deposited
as dunes. Marine conditions are indicated by the
presence of small amounts of glauconite farther north-
ward in south-central Utah.

Sand of near-shore and dune deposits probably
accumulated on and directly northwest of the land-
mass in southern Utah. The sand was bordered on
the northwest by open sea and on the north and
northeast by a narrow seaway, at times reduced to a
salt-, brackish-, or fresh-water lagoon. Fossils re-
ported by the American Stratigraphic Co. provide
evidence of a seaway that may have intermittently
extended through southeastern Utah into New Mex-
ico early in Permian time. In a narrow band along
what is postulated as having been the east front of a
dune area, the Cedar Mesa Sandstone Member con-
tains a few beds of carbonate rock. These are also
recorded by the American Stratigraphic Co. from
localities in central Utah, where they contain marine
fossils. West of the dune area the Cedar Mesa is
entirely sandstone that may represent both marine
and nonmarine conditions.

During deposition of part of the Cedar Mesa Mem-
ber, the narrow passage in north-central Utah was

185

AND NORTHWESTERN NEW MEXICO

apparently periodically cut off from the sea by sapd
and mud, for gypsum formed in an evaporite basin.
The thickest gypsum bed, according to Sears (1956,
p. 185-187), is about 80 feet thick. Thin beds qf
anhydrite are reported by the American Stratigraphic
Co. in samples from eastern Wayne County in central
Utah. Whether this anhydrite is primary or sec-
ondary is uncertain, but its location with respect to
the seaway suggests that it is secondary; the anhydrite
occurs in a stratigraphic unit that in other localities
has yielded marine fossils. Normal marine and la-
goonal environments probably alternated.

Near the end of Cedar Mesa accumulation, sand,
possibly from encroaching dunes, and fine-grained
detritus from both the Uncompahgre highland to the
northeast and landmasses in northwestern New Mex-
ico became intercalated with carbonate deposits, fill-
ing the relict sea.

In southeasternmost Utah a unit of lenticular sand-
stone and siltstone, 50-100 feet thick, is transitional
between the Cedar Mesa Sandstone Member and the
overlying Organ Rock Member (Mullens, 1960, p.
271-272). It contains lenticular sandstone, believed
to be both fluviatile and eolian, and red-brown silt-
stone. At the bases of sandstone beds abundant
scour marks filled with rounded to subrounded lime-
stone pebbles, as much as 2 inches in diameter, form
conglomerates less than 38 feet thick and about 100
feet long. These are probably cut-and-fill deposits in
stream channels.

After the lagoons had become filled continental red
beds advanced westward across the inferred dune
area and the sea retreated. As during early Cedar
Mesa deposition, eastern limits of the dunes were
partly controlled by lagoons that impounded water
from westward-flowing streams.  Lenticular bodies
of silt and sand apparently collected in the lagoons
and, when the accumulation of dune sand failed to
keep pace with lagoonal deposition, red-brown mud
was transported across the dune area by westward-
flowing streams. A similar set of environmental
conditions may have existed farther west in south-
central Utah, where the Organ Rock Member grades
westward into sandstone similar to the Cedar Mesa
(loc. 34622, pl. 64).

In much of southwestern Colorado, east-central
Utah, and northwestern New Mexico, arkosic con-
glomerate, arkosic sandstone, and mudstone were
formed from sediments derived from nearby high-
lands. In places along the Uncompahgre highland,
coarse detrital material was deposited directly in the
Uncompahgre trough. This trough may have been
inundated by the sea in Early Permian time as sug-
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gested by faunal data (D. L. Baars, written commun.,
1959). If inundation took place, alluvial fans and
other fluviatile deposits extended outward from the
landmass and forced an early retreat of the marine
waters. Red mud and sand of the Organ Rock
Member finally spread westward from the Four Cor-
ners area as far as central Garfield County in south-
central Utah and confined the postulated dune area
to the west. In northwestern New Mexico the Cutler
is believed to be of fluviatile origin (Wood and
Northrop, 1946).

PALEOTECTONIC IMPLICATIONS

.In this region tectonic activity very early in Per-
mian time was mostly limited to western Colorado,
where two highlands and two negative elements were
formed (fig. 61). The highlands were the ancestral
Front Range and the Uncompahgre-San Luis. The
structural trend of both the ancestral Front Range
and the Uncompahgre-San Luis highlands was north-
westward. Each of these landmasses was bounded
on the southwest by a trough. The Colorado trough
(Brill, 1952) was adjacent to the ancestral Front
Range, and the Uncompahgre trough was adjacent to
the north end of the Uncompahgre-San Luis highland.

The Colorado trough in south-central Colorado lay
between the ancestral Front Range and the San Luis
highland. Northwest of the Arkansas River evi-
dence of the trough is sparse because of post-interval
A erosion. Its configuration in that area is uncer-
tain, but the trough apparently lay closer to the an-
cestral Front Range than to the Uncompahgre
highland.

The ancestral Front Range, the easternmost of the
positive elements, contributed sediments to the Colo-
rado trough, for in central and south-central Colorado
the trough contains coarse-grained arkosic sandstone
and arkosic conglomerate. Sediment was also sup-
plied to this trough from the west (Johnson, J. H.,
1929, p. 15-17).

On the east flank of the San Luis highland, sedi-
ments deposited as alluvial fans became the Crestone
Conglomerate Member in the upper part of the Sangre
de Cristo Formation (Bolyard, 1959, p. 1937, fig. 15).
This conglomerate grades, within short distances
north, east, and south, into finer grained rocks whose
components may have been derived in part from the
east.

The Uncompahgre highland probably stood high
at the beginning of Permian time as a result of major
uplifts in Pennsylvanian time. The presence of
coarse detrital rocks of known Pennsylvanian age on

both sides of this highland indicates that it initially.
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rose as a horst and shed debris toward both the
northeast and the southwest.

Tectonic activity in the Uncompahgre highland
area in Permian time consisted principally of con-
tinued uplift and faulting along the southwest front
and accelerated subsidence in the Uncompahgre
trough, which originated late in Pennsylvanian time.
The highland may have been part of a high plateau
much greater in extent than the Precambrian rock
that forms the core of the modern Uncompahgre
Plateau. Several thousand feet of coarse detritus
(Cutler Formation) accumulated along its southwest
front (fig. 66), and the Uncompahgre trough to the
southwest was filled with both coarse- and fine-grained
material.

Thin belts of interval A in southeastern Utah and
southwestern Colorado record minor hinge-line folds
between segments of the sinking Pennsylvanian Para-
dox basin. A stable shelf area apparently covered
most of the remainder of southern Utah at this time.

INTERVAL B
FORMATIONS INCLUDED

Formations of interval B (table 1) are preserved
in large areas in southern Utah, the southwest corner
of Colorado, and in northwestern New Mexico.
Rocks of this interval also extend across part of
northwestern Colorado.

STRATIGRAPHIC RELATIONS

Rock assigned to this interval, like that of interval
A, forms an integrated facies unit throughout most
of southern Utah and adjoining areas in Colorado
and New Mexico. In west-central Utah the interval
consists principally of carbonate rock; in southwestern
and south-central Utah, carbonate and evaporite rock;
and in eastern Utah and the Four Corners area, sand-
stone grading eastward into red beds.

Various correlations have been suggested for rocks
of interval B by A. A. Baker and J. B. Reeside, Jr.
(1929), McKee (1954a), Heylmun (1958), Kunkel
(1958), Read and Wanek (1961), and Baars (1962).
The correlations shown on plate 64-C are derived
in part from those geologists.

SOUTHWEST OF UNCOMPAHGRE PLATEAU

In westernmost Utah the oldest rock assigned to
interval B is the upper 800 feet of the Supai Forma-
tion or the Queantoweap Sandstone in the south and
the upper part of the Arcturus Formation farther
north. The Toroweap Formation overlies the Supai
(pl. 64) and apparently grades eastward (Heylmun,
1958, p. 1794) as well as northeastward (pl. 6C)
across southern Utah into the lower part of the
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White Rim Sandstone Member. Rock of equivalent
age may also be contained in the De Chelly Sandstone
Member of the Cutler in southeastern Utah; however,
a direct correlation between these units has not been
made. Anomalies in thickness and lithology in
southern Utah (locs. 368, 369, pl. 64) make correla-
tion between the Toroweap of southern Utah and
that of northern Arizona difficult. A relatively posi-
tive area which contributed much of the sand in the
Toroweap and was responsible for the formation of
evaporite deposits at localities 158, 635, and 612 (pl.
64) is postulated on the basis of these anomalies.

The Kaibab Limestone, above the Toroweap, was
recognized in west-central Utah by Newell (1948)
and by McKee (in Hose and Repenning, 1959, p.
"2180). It was also recognized by Steele (1959, p.
"107), who assigned a younger (Guadalupe) age to it
in western Utah and Nevada. Lithologic units in
the Kaibab are correlated eastward across southern
Utah on plate 64 ; they seem to grade into the upper
part of the White Rim. For example, in south-cen-
tral Utah (loc. 679, pl. 6B) the zone of Dictyoclostus
(Productus) bassi is present (McKee, 1938, p. 212) in
rock considered to be the upper part of the White
Rim. This rock is overlain by carbonate rock that
contains fossils younger than those of the Kaibab and
correlates with the upper part of the Park City For-
mation in northern Utah (McKee, 1954a). This cor-
relation suggests that all the Kaibab in southwestern
Utah grades eastward into the upper part of the
White Rim Sandstone Member, and, to some extent,
it also supports the correlation of the Toroweap with
the lower part of the White Rim.

The White Rim Sandstone Member is exposed across
southeastern Utah in a north-trending band of inter-
val B. In its northern extent it passes westward in
the subsurface to crop out in the San Rafael Swell.
There it forms the upper part of the “Coconino Sand-
stone”; the Cedar Mesa Sandstone Member (interval
A) forms the lower part. The thickness of the
sandstone unit comprising the “Coconino” is unknown,
but a stratigraphic break about 150 feet above its base
may represent an unconformity (Hallgarth, 1962)
equivalent to the top of the Cedar Mesa. Thinning
of the underlying Organ Rock and Cedar Mesa Mem-
bers northwestward toward the San Rafael Swell
may be due to deposition or to erosion, but the fact
that the Cedar Mesa continues to thin beyond the
termination of the Organ Rock suggests that erosion
was responsible.

The White Rim is correlated in this publication
with the De Chelly Sandstone Member of the Cutler
to the south. These sandstone units are believed to
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form a continuous body that extends from east-central
Utah southward into northwestern New Mexico.
North of the confluence of the San Juan and Colorado
Rivers in southern Utah, the sandstone is referred to
the White Rim; to the south and east it is referred
to the De Chelly and is correlated with the upper
part of the De Chelly Sandstone of Canyon De Chelly
in Arizona (Read and Wanek, 1961, table 206.1).
These sandstones seem to have a common genetic rela-
tionship to the Uncompahgre highland. T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>